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Desensitization to glutamate and aspartate in rat olfactory
(prepyriform) cortex slice*

DAVID J. BRAITMAN

Physiology Departiment, Armed Forces Radiobiology Research Institute, Bethesda, MD 20814-5145 (U.S.A.)

(Accepted September 24th, 1985)
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Olfactory cortex brain slices we-e subject to multiple bath applications of either glutamate or aspartate. The effectiveness of these
amino acids (measured by quantitating the amplitude of lateral olfactory tract-stimulated ficld potentials) was progressively reduced
with cach successive perfusion of the agonist. However, the effectiveness of the endogenous neurotransmitter recovered to control in
each intervening wash period. Thus, repeated applications of glutamate or aspartate desensitized olfactory cortex receptors to these
amino acids but did not desensitize the receptors to the endogenous transmitter. These data support the hypothesis that neither gluta-
mate nor aspartate is the neurotransmitter released from the lateral olfactory tract onto pyramidal cells of the olfactory cortex.

A critical criterion for establishing a substance as a
neurotransmitter is identity of action, i.e., it must be
demonstrated that the postsynaptic actions of the
candidate substance are identical to those of the en-
dogenously released transmitter!*. A major problem
with meeting this criterion for glutamate and aspar-
tate is that their excitatory actions are ubiquitous in
thc central nervous system (CNS). To circumvent
this problem, another characteristic of transmitter
action, desensitization, has been used to suggest
identity of action. Desensitization 1s expressed as a
reduction in the biological response to an agonist af-
ter prolonged or repeated exposure to that agonist.
This reduction in response has becn shown to be re-
ceptor-mediated!?.

At the invertebrate neuromuscular junction, pro-
longed exposure to exogenously applied glutamate
results in (1) desensitization of glutamate receptors
and (2) a significant reduction in the magnitude of
synaptic responses!!. This observation is consistent
with thc transmitter role suzgested for glutamate in
this system. However, in rat hippocampal slice. de-
sensitization to glutamate occurs without any change
In synaptic transmission*3, an observation inconsis-

tent with the putative transmitter role for glutamate
in this area of the CNS.

The present study was designed to elucidate the
role of glutamate and aspartate in synaptic transmis-
sion from the lateral olfactory tract (LOT) to the ol-
factory cortex. Repeated exposure of olfactory cor-
tex brain slices to exogenously applied glutamate or
aspartate during LOT stimulation resulted in a pow-
erful and reversible desensitization to these amino
acids. However, the synaptic responses to the endo-
genous transmitter released by LOT stimulation did
not densensitize. These results support previous
pharmacological observations from this laboratorys?
that indicate that neither glutamate nor aspartate is
the transmitter released at the terminal synapses of
LOT onto pyramidal cells of the olfactory cortex?.

Tissue preparation, stimulation and recording
were as previously describcd?. Tangential slices
(300-400 ¢m) of rat olfactory cortex wcre placed in a
total submersion chamber at 32 °C and constantly
perfused with normal Ringer’s solution (5 ml/min). L-
or D-glutamate or L-aspartate was added to the
Ringer’s and bath applied to the slicc for 3-5 min.
This was followed by a wash in normal Ringer's for

* The views presented in this paper are those of the author: no endorsement by the Defense Nuclear Agency has been given or should

be inferred.
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10-15 min. This procedure was repeated with the same
drug concentration as many as 6 X. Field potentials.
evoked by 0.25-Hz orthodromic stimulation to the
LOT, were recorded from the pial surface of the pre-
pyriform cortex throughout the experiment. Five
consecutive evoked potentials were computer-aver-
aged at intervals of 1-5 min. To quantify the actions
of amino acids, the peak amplitude of the monosyn-
aptic slow-wave component of the averaged field po-
tential, i.e., the population excitatory postsynaptic
potential, was measured before, during, and after
drug application. Drug effects were studied on 16
slices. Each slice was used for only one experiment.
Initial application of 2-5 X 10-3 M L-glutamate
significantly decreased the amplitude of the field po-
tential evoked by lateral olfactory tract stimulation
(Table I). This effect was dose- and time-dependent
and stabilized within 5 min. The decrease in ampli-
tude of the field potential during glutamate perfusion
presumably was due to the depolarizing action of glu-
tamate on this tissue3. Successive perfusions of the
same concentration of glutamate were less effective
in attenuating the amplitude of the field potential
(Fig. LA). Synaptic potentials in the wash period re-
turned to within 5.9 + 2.1% of the control field po-
tential amplitude (i.e., predrug values) 10—15 min af-
ter termination of the final drug application (mean =+
S.E.M. of 7 experiments). The reduced efficacy ob-
served during successive glutamate applications sug-

TABLE 1

Effects of multiple applications of excitatory amino acids on field
potentials evoked by LOT-stimulation

Each excitatory amino acid was bath applied for 3-5 min fol-
lowed by a 10-15-min wash in normal Ringer’s. The percent
depolarization at the end of the first (Initial) and third or fourtk
(Final) amino acid perfusion was calculated (wash-drug/wask
x 100). The percent desensitization was determined for eack
experiment by calculating the differcnce between the first and
last depolarization divided by the first and multiplying by 100.
Each value represents the mean + S.E.M. of the indicated
number of experiments (n). Desensitization to rL-glutamate
ranged from 36 to 949 and to r-aspartate from 38 to 71%.

Amino n  Decrease of field Desensiti-

acids potential amplitude (7¢ ) zation (%)
Initial Final

L-Glutamate 7 39.6x438 16.9 + 3.6 63467

p-Glutamate 2 492148 264+1.0 334194

L-Aspartate S| 525k 701 24.7+4.7 55.0x7.0
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Fig. 1. Desensitization to repcated applications of L-glutamate
or L-aspartate. A: examples of field potentials evoked by stimu-
lation of LOT (average of S successive potentials) in a repre-
sentative experiment. The trace labeled C is potential prior to
application of any drugs. Other traces represent field potentials
after first, third and fifth successive application of 2 X 10-3 M
glutamate. Each subsequent 5-min perfusion of glutamate re-
sulted in reduccd efficacy to decrease the amplitude of field po-
tential. By the fifth application almost no response to gluta-
mate perfusion is seen. Calibration bar is 0.4 mV and 2 ms. B:
in another experiment, pcak field potential amplitude was
plotted at the end of each S-min pcrfusion with 10-2 M L-aspar-
tate (dashed line) and after each 10-min perfusion with drug-
free medium (solid line). First point in wash data is control am-
plitude. This tissue did not respond to S X 10-3 M aspartate.
Note that there was a dissociation between (1) time course and
magnitude of aspartate desensitization and (2) tluctuations in
synaptic response in thc wash. The dissociation between desen-
sitization and synaptic responses to the endogenous transmitter
was observed in 4 of the 5 aspartate experiments.

gests that the reduction in depolarization was due to
desensitization of glutamate receptors.
Desensitization to repeated applications of L-as-
partate was similar to that demonstrated for gluta-
mate (Table I). In the experiment illustrated in Fig.
1B, the first application of aspartate produced a 55%
decrease in the peak amplitude of the field potential,



while a fourth perfusion of aspartate resulted in only
a 27% decrease in amplitude. This indicates that as-
partate receptors became progressively more desen-
sitized with each successive drug perfusion. In con-
trast, synaptic potentials recovered to within 10% of
control amplitude by the end of each intervening 10-
min wash (see legend and Fig. 1B). In the final wash
synaptic potentials recovered to within 19.5 £ 3.4%
of control and 6.0 £ 1.9% relative to the wash after
the first amino acid perfusion (mean * S.E.M. for 5
experiments). Thus, the receptors responding to the
endogenous transmitter released by LOT stimulation
were not desensitized as were the aspartate recep-
tors. These results suggest that the olfactory pyrami-
dal cell receptors that receive input from the LOT are
not aspartate or glutamate receptors.

In order to test whether desensitization to gluta-
mate and aspartate was reversible or due to a perma-
nent alteration in receptor function, 4 slices were
given an extended wash in drug-free Ringer’s solu-
tion following desensitization. Fig. 2 illustrates data
from an experiment in which an olfactory cortex slice
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Fig. 2. Reversible desensitization to glutamate. L-glutamate ef-
fect (right side) expressed as percent efficacy in decreasing
field potential amplitude relative to first glutamate application
(Ist Glut, 100% effect). After 4 successive applications of
2 X 10-* M glutamate (pre 1 h). a large reduction in response
to glutamatc. i.e. dcsensitization, was seen. After a 1-h wash in
normal Ringer’s. response to a fifth application of glutamate
(post 1 h) was as great as to first glutamate application. Synap-
tic responses in absence of glutamate (left side. wash), express-
ed in mV field potential amplitude. exhibited little net change
over the 2.5-h course of this experiment. Wash control is field
potential amplitude before any drug application. Pre 1-h wash
shows field potential amplitude at the end of a 10-min wash pe-
riod following fourth glutamate application (prior to a 1-h wash
in normal Ringer's). Post 1-h wash was the field potential am-
plitude at the end of a 1-h wash (preceding fifth glutamate ap-
plication).
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was desensitized by 4 successive perfusions of L-glu-
tamate. As can be seen in the right side of Fig. 2 (L-
glutamate effect) the fourth application of glutamate
(pre 1 h) was only 54% as effective as the first gluta-
mate application (1st Glut). Following the fourth
perfusion of glutamate, the slice was washed in drug-
free Ringer’s for 1 h then exposed to a fifth gluta-
mate application (post 1 h). After this long wash de-
sensitization was abolished and the response to the
fifth application of glutamate (L-glutarmate effect,
post 1 h) was as great as to the first glutamate appli-
cation (1st Glut). Throughout the experiment synap-
tic responses in the absence of drugs (wash) exhibited
recovery to control amplitude at the end of each in-
tervening wash period (Fig. 2, left side). Thus, gluta-
mate and aspartate receptors exhibited progressive
desensitization when exposed to multiple applica-
tions of these amino acids. Desensitization persisted
during the short intervening washes but receptors re-
turned to a nondesensitized state after a 1-h wash
(e.g., Fig. 2, L-glutamate effect). On the other hand,
receptors to the endogenous transmitter were not de-
sensitized and maintained responsiveness at control
levels throughout the experiment (e.g., Fig. 2, wash).

To ensure that desensitization was not due to a
modification of glutamate uptake, experiments were
conducted with the D-isomer of glutamate which is
taken up only weakly by high-affinity transport!. De-
sensitization and reversal of desensitization similar to
that observed with L-glutamate was seen with D-glu-
tamate (Table I). These results indicate that desensi-
tization was not due to the facilitation of a high-affini-
ty uptake inactivation mechanism.

The desensitization to glutamate and aspartate
seen in this study was qualitatively similar to the de-
sensitization to glutamate at the invertebrate neuro-
muscular junction!!, where glutamate is a strong can-
didate for the excitatory transmitter. However, in
contrast to the neuromuscular junction experiments,
synaptic responses to the endogenous transmitter re-
leased by LOT stimulation in the present experi-
ments were not markedly reduced during glutamate
desensitization. The most parsimonious explanation
for the failure of synaptic receptors to desensitize
during repeated exposure to millimolar concentra-
tions of glutamate and aspartate is that neither amino
acid is the excitatory transmitter from LOT to olfac-
tory cortical cells. Although it may be argued that ex-
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trasynaptic receptors are responsible for the results
seen here, this is unlikely because (1) synaptic re-
sponses desensitize along with glutamate receptors at
the invertebrate neuromuscular junction where ex-
trasynaptic receptors have been shown to exist!2, and
(2) glutamate and aspartate receptors in the rat have
been reported to be enriched at synaptic junctions’.
Furthermore, the design of the experiments reported
here allowed all receptors to be exposed to glutamate
or aspartate since high agonist concentrations were
bath perfused onto totally submerged slices.

The observation of a small but consistent decrease
in the amplitude of the synaptic potentials during the
wash period may be due to an excitotoxic action of
glutamate and aspartate and/or down regulation of a
subpopulation of receptors by the initial application
of these amino acids. In accord with this suggestion is
the observation that the decrease in amplitude be-
tween the control field potential and the synaptic po-
tential during the first wash following the initial drug
application was 7.4 + 1.5% for L-glutamate and 16.3
+ 3.5% for L-aspartate (mean and S.E.M. for 7and 5
experiments, respectively). The decrease in field po-
tential amplitude in the wash following the first ami-
no acid perfusion was equivalent to the mean de-
crease in synaptic potentials over the course of the
entire experiment,

Alternatively, the decrease in the amplitude of the
synaptic potentials during the wash period may be
due to a weak cross-sensitivity of the endogenous
LOT receptor with these amino acids. If the endoge-
nous transmitter is an amino acid analog or a small
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Electrophysiological studies of an apparent desensitization

glutamyl and/or aspartyl peptide, one might expect
to see some effect of glutamate and aspartate at this
receptor, given the cross-sensitivity of excitatory
amino acid receptors!3. Recently, it has been shown
that the endogenous dipeptide N-acetylaspartylglu-
tamate (NAAG) has the same pharmacological pro-
file as the LOT neurotransmitter®. Further experi-
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lonic Channels in Leukocytes

Elaine K. Gallin
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Bethesda, Maryland

In the past several years, with the advent of the patch clamp technique, the
field of leukocyte electrophysiology has grown considerably. With the excep-
tions of the neutrophil and the eosinophil, electrophysiologica! and biochemical
techniques have been used to characterize a number of types of voltage- or
ligand-gated ionic channels in the different classes of leukocytes. This article
reviews each of the ionic channels described in leukocytes and their functional
relevance. It should be emphasized that this is by no means a final listing of
the ionic channels in leukocytes, but merely a summary of the studies to date.
It is highly likely that there are many other ionic channels in leukocytes with
important functional implications that have not yet been discovered.

Key words: leukocytes, ionic channels, lymphocytes, basophils, macrophages

INTRODUCTION

Ionic channels are integral membrane proteins through which ions passively
flow down their electrochemical gradient at rates exceeding 10° ions/sec. They can
be characterized by their gating properties (the factors that control their opening and
closing) as well as their conductance (a measure of the ease with which ions flow),
kinetics (rates at which the channels open and close), ionic selectivity (differential
permeability), and pharmacology (the action of specific agents in blocking or chang-
ing the flow of ions). Many different ionic channels have been described, opening
and closing in response to specific chemical ligands (ligand-gated), voltage (voltage-
gated), and other factors [28].

Tonic channels have been studied most extensively in the nervous system, where
they function in information processing and signaling. While ionic channels in general
and voltage-gated channels in particular were originally thought to be unique to cells
of neuronal origin, it is now evident that similar channels are present in most types of

The views presented in this paper are those of the author; no endorsement by the Defense Nuclear
Agency has been given or should be inferred.
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242 Gallin
TABLE 1. Tonic Channels in Leukocytes

Possible
Channel Celltype  Reference  Gating® Blockers  physiological role
K* Channels
Outward rectifying K* T cells [2.35] \Y D-600, verapamil In T cells:
Macrophages [59.22 TEA, 4-AP, Ni. cytotoxicity
B-cells [14] Co. quinidine mitogenesis
volume
regulation
Inward rectifying K* Macrophages [21.22} \% Ba, Cs. Rb Setting membrane
Basophils [29] potential to Ey
Ca-activated K* Macrophages {19.43] V, Ca Ba® —
Na* channel T-cells 121 \% TTX —
Ca’ ' channel B-cells [12] \% Mn Seeretion
Cl~ channels Macrophages  |45] \Y% — —
Fc-receptor Macrophages [58] L (IeGy — Phagoceytosis
cation channel secretion
Cromolyn Basophils [57] L (Ig)y — Secretion

binding receptor
calcium channel

“‘Gating refers to whether channel is opened and closed in response to voltage (V), an ion (such as
calcium), or a higand (L).
PUnpublished observations (Gallin. E.K.)

cells and that they provide a crucial link between events occurring at the cell surface
and a variety of cell functions. For example, voltage-gated ionic channels control the
motile response of paramecium [39], whereas in egg cells. ionic channels mediate the
block of polyspermy and may also play a role in egg cell activation [27]. Secretion in
cells of neuronal origin. as well as in many nonneuronal cell types, is modulated or
controlled by ionic channels [44].

It follows from studies on other cell types that ionic channels probably also play
an important role in the cell physiology of leukocytes. In the last several years, with
the advent of the patch clamp technique developed by Sigworth and Neher [S1], it has
become feasible to study small cells, such as leukocytes, that had been difficult to
study with intracellular microelectrode techniques. For this reason, the area of
leukocyte electrophysiology has progressed considerably in recent years, and a num-
ber of voltage-gated and ligand-gated ionic channels have been described in these
cells. In addition, it has become evident that leukocytes have extremely high input
resistances (on the order of 10° ohms); that is, their plasma membrane has a low
permeability to ions [2,22]. Therefore, the opening of several channels, or even a
single channel, on the surface of the leukocyte can produce a significant change in
the membrane potential and the conductance of the leukocyte. The purpose of this
article is to review the recent advances made in characterizing the ionic channels
present in leukocytes and their functional relevance. Table | summarizes the ionic
channels described in leukocytes. It should be emphasized that because this is a
relatively new area of investigation, there are undoubtedly other ionic channels in
these cells that have not yet been detected, and many questions pertaining to their role
in cell function that remain unanswered.
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METHODS

The studies reviewed in this paper have used three types of electrophysiological
techniques to monitor either current flow or voltage changes induced by current flow.
The earliest studies used high resistance (>30 X 10° ohms) intracellular microelec-
trodes to puncture the cell membrane and to monitor either voltage or current [23].
This technique is difficult to use in small cells, such as leukocytes, where microelec-
trode penetration can produce a significant leak current, thereby damaging the cells
[30]. Nonetheless, these earlier studies demonstrated that leukocytes could exhibit
voltage-gated ionic channels similar to those found in neuronal cells [17]. More recent
studies have used patch clamp recording techniques in which a low resistance (5 X
10° ohms) electrode is placed against the surfacc of a cell, and suction is applied to
the electrode, resulting in the formation of a very high resistance (> 107 ohms) seal
between the plasma membrane and the patch electrode. The high-resistance seal
minimizes leak current and reduces the noise level so that small current fluctuations
(on the order 10 2 A), which represent the opening and closing of single ion
channels, can be recorded. In addition, currents across the whole cell membrane can
be measured with a patch electrode by simply destroying the membrane beneath the
electrode with additional suction, so that the inside of the cell becomes contiguous
with the inside of the electrode [44]. This technique has the additional advantage (or
disadvantage, depending on the purpose of the study) of perfusing the inside of the
cell with the solution inside the patch electrode so that the effects of ions, regulatory
proteins, pH, or other factors on ionic channels can be studied. The third technique,
used in studies characterizing ionic channels in leukocytes, measures current fluctua-
tions across lipid bilayers containing either membrane fractions or purified membrane
proteins from leukocytes [58]. This technique has been particularly useful in studying
ligand-gated ion channels. In addition to these techniques, numerous studies have
used indirect probes of the membrane potential to monitor membrane potential
changes occurring during stimulation in leukocytes [47]. This paper does not attempt
to review those studies except in cases where they pertain to the discussion of specific
ionic channels.

Terminology

Voltage-gated ionic channels are usually referred to in terms of the ion(s) to
which they are permeable. For example, a channel that is much more permeable to
potassium (K*) than other cations is designated a K* channel, even though it may
have a finite permeability to other cations. Since there may be more than one type of
channel in a cell that is permeable to a particular ion, it is often necessary to specify
additional properties of the channel in order to uniquely identify it. For example, if a
K" channel is activated (opened) only when the membrane potential of the cell is
—40 mV or less negative (more depolarized) and the equilibrium potential for
potassium (Ey) is normally —80, then K™ will only flow out of the cell through this
channel. That is, for K* to flow into the cell the membrane potential across the cell
would have to be more negative than —80 mV, and the channels would be closed at
those potentials. The K™ current that flows through this channel is referred to as an
outward rectifying current, since the current will flow out of the cell more easily than
into the cell.

Ligand-gated ionic channels are usually referred to by the specific ligand that
opens the channel rather than by the ions that permeate the channel. For example,
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even though the acetylcholine channel is permeable to Na™ and K*, it is referred to
by its ligand.

The conductance of an ionic channel is a measure of the ease with which current
flows through the channel. From Ohms’ law, it is equal to the current divided by the
potential across the channel. It is expressed in siemens, and its value is the inverse of
the resistance.

IONIC CHANNELS IN T-LYMPHOCYTES

At present, three different voltage-gated channels have been described in T-
lymphocytes: two K™ channels with different characteristics and a Na* channel
[2,7,35]. Each of these currents is described below. A slow outward current present
at very positive potentials also has been noted in human T-cells, which indicates the
presence of at least one other voltage-dependent channel [2]. This outward current
has not been studied in detail, but it had little ion selectivity and was not sensitive to
K™ channel blockers. It had been postulated that T-cells have voltage-gated calcium
channels, since extracellular calcium is required for T-cell activation, and activation
is associated with a rise in intracellular calcium [S51]. However, calcium channels
have not been detected in T-cells [2].

Potassium Channels

Voltage-gated K* currents were first described in human T-lymphocytes by
Matteson and Deutsch [35] and DeCoursey et al [5]. These currents activated when
the cells were depolarized beyond —50 mV. Increasing the external K* changed the
currents in a manner indicating that the current was carried by K. Therefore, the
channels underlying the current are referred to as outward rectifying K™ channels.
This channel is 100 times more permeable to K™ than Na™ and has a steep voltage
dependency, activating at potentials positive to —50 mV and saturating at —20 mV
[2]. In addition, the currents flowing through this channel decrease with time when
the cell is stepped to potentials positive to —80. Since the resting membrane potential
(estimated by using voltage sensitive dyes) is —50 to —70 mV [9,52], these channels
are probably partially inactivated at rest. The channel is blocked by classical K*
channel blockers such as tetraethylammonium and 4-aminopyridine as well as quinine
[5] and the calcium channel antagonists diltiazem and verapamil [4]. The cations
nickle, cobalt, zinc, and lanthanum are also effective blockers of the channel [6,35].
Single channel currents with conductances of 9 and 16 x 10~ "2 siemens exhibiting a
similar voltage dependence to the whole cell currents have been described in human
T-cells [2].

Similar currents have since been described in mouse-derived T-cells as well as
a variety of T-cell lines, although the relative number of the K™ channels expressed
on the surface of the different types of T-cells varies [6,13]. For instance, human T-
lymphocytes express several hundred K™ channels whereas normal mouse T-cells
have on the order of 10 K™ channels per cell [6]. T-cells isolated from MRL mice (a
strain of mice that develops a disease similar to human systemic lupus erythematosus)
also exhibit a second type of K™ channel [7]. This channel activates at more positive
potentials, inactivates more slowly, is more sensitive to block by TEA, and is less
sensitive to block by cobalt than the K™ channel most prevalent in other T-cells.
These channels also have a higher unitary conductance (21 X 10'? siemens) than the
first type of K* channel [7].
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Physiological Significance

Several findings strongly implicate the voltage-gated K" channels in T-cell
activation, although they provide little information about their mechanism of action.
First, it has been known for some time that the mitogen phytohemagglutinin (PHA)
increases the passive K efflux from T-eells [46]. DeCoursey et al [5] reported that
the addition of PHA to human T-lymphoeytes rapidly shifted the eonductance-voltage
relationship for the K* channel to the left by approximately 10 mV: thus, more
channels are open at the resting membrane potential, and K™ efflux will increase.
The measured K* efflux during PHA stimulation can be accounted for solely by
estimates of the flux through the voltage-gated K* channels [2]. However, contradic-
tory findings were reported by Deutseh et al [10]. They found no shift in the
conductance-voltage relationship of the K* current in human T-lymphoeytes during
the first several hours following exposure to either PHA or 12-O-tetradeeanoylphor-
bol-13 aeetate (TPA). although they described an increase (X 1.7) in the amplitude of
the K* current 24 hours after addition of the mitogen TPA. The reason for the
discrepancy between the results of the two laboratories is unclear.

The second and more consistent (albeit indirect) piece of evidenee supporting
the involvement of this K channel in T-cell activation is that agents that block the
K" channel are very effective in blocking PHA-stimulated DNA synthesis, protein
synthesis, and interleukin 2 (IL 2) production. although they do not block the
expression of IL 2 receptors on the T-eell surface [4]. More recently, these studies
have been extended to demonstrate that K channel blockers also inhibit T-eell
activation induced by allogenic cells. conconavalin A (Con A), and antibody against
the T3 reeeptor [6]. The data obtained with the K channel blockers indicate that the
blockers must be added to the T-cells within the first 24 hours of exposure to the
mitogen in order to show maximal inhibition [4]. However, these studies provide no
information about whether the blockers affect the initial events of activation or some
later step during the first 24 hours of exposure to mitogens. Studies assessing the
effects of K channel blockers on early events in T-cell activation such as the rise in
intracellular calcium (rather than thymidine incorporation or protein synthesis mea-
sured 2 days after mitogen addition) would address this point.

If K* channels are required for all types of T-cell activation, then T-cell lines
that do not have K™ channels should not be sensitive to mitogenic stimulation. Two
T-cell lines. CTLL-2 (mouse) and P12 Ichikawa (human), lack K* channels [6].
However, CTLL-2 cells respond mitogenically to T-cell growth factor (IL 2) [24],
indicating that K" channels are not required for mitogenic responsiveness to all
stimuli.

The mechanism by which K™ channels function in the mitogenic response is not
known. Several possibilities have been discussed. Cahalan et al [2] proposed that the
rise in intracellular calcium that occurs following mitogen stimulation is due to
calcium entry through voltage-gated K channels, whieh open during stimulation.
Although the calcium permeability of these channels in the T-cell has not been
measured, there is precedent for a significant calcium flux through K* channels from
work done in the squid axon [31]. If calcium enters through K channels. then K*
channel blockers should block the rise in intracellular calcium concentration that
occurs within minutes of adding Con A or PHA [52]. Unfortunately, these experi-
ments have not been reported at this time. In addition, as mentioned above. resting
mouse T-lymphocytes express many fewer K* channels than resting human lympho-
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cytes (10 versus >200). Since both resting mouse T-cells and human T-cells are
responsive to a variety of mitogens, there appears to be no correlation between the
responsiveness to mitogens and the number of K channels. Although Cahalan et al
[2] calculated that sufficient calcium (to trigger mitogenesis) can flow through the K™
channels in human lymphocytes (assuming a calcium permeability similar to that in
the squid axon), it is not clear whcther this is a viable possibility in mouse T-cells
containing only 10 channels. By day 1 after exposure to a mitogen, the number of K *
channels in mouse T-cells increases significantly [8], indicating that these channels
may be involved in a later step in mitogenesis.

An alternative suggestion is that the K™ channels are important in T-cell
activation because of their role in volume regulation [10]. Lymphocytes exposed to
hypotonic medium initially swell and then shrink, exhibiting a regulatory volume
decrease (RVD) [25]. This response is blocked by quinine, 4-aminopyridinc, and
tetracthylammonium (TEA), which are blockers of the K™ channel [10]. Interestingly,
T-lymphocytes exhibit a more complete RVD response than B-lymphocytes, and K *
channels are much more prevalent in T-lymphocytes than in B-lymphocytes.

In addition to the role of K* channels in T-cell activation, there is evidence that
these channels may play a role in cytotoxicity. Cytotoxic T-cells exhibit K* channels
and target cell lysis is blocked by K™ channel blockers |3]. Fukushima and Hagiwara
[ 13] reported that, in mouse cytotoxic T-lymphocyte clones. the K™ current increased
in magnitude under conditions (high calcium) in which killing occurred.

Sodium Channels

Small inward currents that have the kinetics and voltage dependence of Na*
currents found in nerve and muscle cells have been described in 3% of human T-
cells, 14% of activated mouse T-cells, and a fcw human T-cell lines [6]. Although
tetrodotoxin (TTX), a very specific Na® channcl blocker, is effective (in nanomolar
concentrations) in blocking the Na current in T-cclls. TTX (at similar concentrations)
has no effect on mitogenesis, indicating that this conductance is not required for
mitogenesis [2].

IONIC CHANNELS IN B-LYMPHOCYTES

B-lymphocytes. unlike T-cells, exhibit a prominent voltage-gated calcium chan-
nel. which has been well characterized and is described in detail bclow [12]. Sodium
currents have not been reported in these cells, but an outward K* current. similar to
the K* currents described in T-cells. was noted in 10% of the B-ccll lines examined
by Fukushima et al [14]. Since this outward currcnt has not been characterized yet, it
will not be discussed further here.

Calcium Channels

Fukushima and Hagiwara [12] have described inward currents in the mouse
mycloma cell line S194/5.XXO that were dependent on the presence of extracellular
calcium, unatfected by sodium removal, and blocked by manganese. Strontium and
barium could substitute for calcium in carrying the current through these channels.
These results indicated that S194 cells exhibit calcium currents similar to those found
in excitable cells. Calcium currents also have been described in mouse hybridoma
cell lines (derived from S194 cells and splenic B-cells) as well as splenic B-cells
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[14,15]. In cardiac cells and other cell types, the calcium current has been separated
into different currents (channels) by virtue of the kinetic and gating properties [26].
However, at this time no evidence exists for niore than one type of calcium channel
in B-cells. Recently Fukushima and Hagiwara [15] have taken advantage of the fact
that B-cells appear to have only one type of calcium channel and that they usually
exhibit no other voltage-gated conductances (which might interfere with analysis) to
demonstrate that monovalent cations can permeate through calcium channels [15].

Physiological Significance

The opening of voltage-dependent calcium channels serves to increase the
intracellular calcium concentration, thereby triggering secretion in nerve cells and
other cell types [28]. Since B-cells function primarily as secretory cells, it is logical
to hypothesize that the calcium channels present in these cells function in the secretory
response. Fukushima and Hagiwara [14] have shown that the addition of new medium
to mouse hybridoma cell lines increases their immunoglobulin production. Along
with the increased secretion of immunoglobulin, there was a parallel increase in the
magnitude of the inward calcium current, supporting the view that the calcium channel
is associated with immunoglobulin secretion [14]. However, Fukushima and Hagi-
wara’s studies with the calcium channel blocker D-600 indicated that the relationship
between secretion and the calcium channels in these cells is unclear [14]. The calcium
currents in these cells were surprisingly insensitive to D-600 (compared to other
calcium channels), being only 37% blocked by 100 uM D-600. On the other hand,
immunoglobulin secretion was completely blocked by 100 uM D-600. The observa-
tion that calcium channels in B-cells are relatively insensitive to calcium channel
blockers, together with the results by Chandy et al [3] showing that K* channels in
T-cells are quite sensitive to calcium channel blockers, indicates that the inhibition of
a cell function by calcium channel blockers cannot be used as strong evidence that
voltage-gated calcium channels are involved in a response, unless a direct block (in a
similar concentration range) of those channels is demonstrated.

IONIC CHANNELS IN MACROPHAGES

Macrophages exhibit at least three different voltage-gated K™ channels: 1) an
inward rectifying K* channel that activates at potentials negative to —60 mV [16,21];
2) an outward rectifying K channel that activates at potentials positive to —40 mV
[21.57]; and 3) a calcium- and voltage-activated K™ channel [19]. A large conduc-
tance voltage-gated chloride channel has also been reported in macrophages [48], as
well as slow spike-like potentials activating at potentials positive to zero [38]. The
1onic basis of the spikes has not been determined, but their occurrence indicates the
presence of another current that turns on at very depolarized potentials. In addition to
exhibiting a number of voltage-gated channels, it has recently been demonstrated that
the receptor for the y2b/yl Fc portion of IgG is a ligand-dependent ion channel
permeable to K™ and Na™ [58].

Potassium Channels

Inward rectifying K* channel. An inward rectifying K™ current that activates
at voltages negative to —60 mV was first described in mouse spleen and thioglycolate-
induced macrophages that had been cultured for several weeks [16,21]. It has been
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observed more recently in cultured human macrophages (Gallin,E.K., unpublished
observations) and in the mouse-derived macrophage-like cell line J774 [22]. This
conductance is very similar to the inward rectifying K* conductance that has been
extensively characterized in both muscle and egg cells [27,28]. It has a steep voltage
dependence, activating at potentials negative to —50 mV and plateauing at potentials
negative to — 100 mV [22]. Addition of the cations barium, cesium, and rubidium to
the bathing medium blocks this channel [21,22]. In macrophages as in other cells,
this channel is unique in that its gating depends not only on voltage but also on the
extracellular K™ concentration [22,28]. Thus when the external K* concentration is
increased, these channels open at more depolarized potentials. The macrophage is
often found at sites of dead and dying tissue where K™ concentrations are higher than
normal (Gallin,J.I., unpublished observations), and the gating of this K* channel will
be influenced by these changes.

The expression of the inward rectifier in J774.1 cells is affected by culture
conditions. That is, cells grown in suspension and then plated do not exhibit this
conductance unless they have been adherent for several hours [22]. All long-term
adherent (plated for >24 hours) J774 cells exhibit inward rectifying K* channels.
Ypey and Clapham [59] reported that the inward rectifying K* conductance was
absent in mouse peritoneal macrophages maintained in culture for 4 days, whereas 2—-
4-week-old cultured mouse peritoneal macrophages exhibit a prominent inward recti-
fying K™ conductance [16]. These findings indicate that the inward rectifying K+
channel is probably associated with older, more mature macrophages comparable to
the tissue macrophage.

Physiological significance. In both J774 cells and mouse spleen and peritoneal
macrophages, blockage of thesc K chanrels by barium depolarizes the cells from
—76 mV to approximately —50 mV. These observations indicate that these channels
are responsible for setting the resting membrane potential of the macrophage near the
equilibrium potential for K", normally about —80 mV. Interestingly, the resting
membrane potential of suspended J774.1 cells was estimated employing the lipophilic
cation tetraphosphonium to be —14 mV [56]. This data fits with the observation of
Gallin and Shechy [22] that the inward rectifying K™ channel is expressed in J774
cells only after several hours of adherence. Cells exhibiting this conductance have a
high K permeability at rest, but because of the voltage dependence of the inward
K™ channel (it closes as the macrophage is depolarized and thereby increases the
membrane resistance), small inward currents can produce large potential changes in
these cells. Therefore, depolarizing stimuli will be amplified in cells with inward
rcetifying K™ channels.

Outward rectifying K™ channel. The outward rectifying K* current was first
described in resident mouse peritoneal macrophages by Ypey and Clapham [59]. This
current is very similar to that described in T-cells, activating at potentials positive to
—50 mV, inactivating with time, and being blocked by 4-aminopyridine. Ypey and
Clapham [59] reported that this channel was absent during the first day following
isolation of the resident peritoneal macrophages, but was present in 96% of the cells
cultured for I to 4 days. On the other hand, this channel was not scen in long-term
(2-6 weeks) cultured mouse peritoneal and spleen macrophages [16,21]. The mouse-
derived cell lines J774 [22] and P388D1 (Gallin, unpublished observations) also
express a similar K™ channel. In J744 cells, the channel is present only 1 to 8 hours
after adherence, and is not present in long-term adherent culturcs where the inward
rectifying potassium channel is the predominant channel [22].
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Physiological significance. The finding that in J774 cells this conductance is
absent immediately after adherence but is expressed soon after (within 30 minutes)
indicates that these channels may 1) normally be present on the surface of the cells,
but that their expression is modulated by intracellular factors such as protein phos-
phorylation, or 2) that there is a preexisting pool of channels that can be inserted into
the membrane. Future studies need to be done to determine the factors controlling
channel expression and thc physiological implication of its expression in terms of
macrophage function.

Calcium- and Voltage-Activated K+ Channel. A calcium-activated K™ cur-
rent has been attributed to macrophages as carly as 1975, when spontaneous mem-
brane hyperpolarizations involving increases in potassium permeability were described
[23]. The hyperpolarizations could be triggered by the calcium ionophore A23187,
and they were blocked by the addition of EGTA to the bath. More direct support for
the existence of a calcium-activated K™ channel in macrophagcs came when Perse-
chini et al [43] demonstrated that injection of calcium into mouse macrophages
triggered hyperpolarizations. With the aid of patch clamp recording techniques, large
conductance (200 psiemens in symmetrical K™) calcium-activated K™ channels have
been described in human macrophages [19]. The channels are activated both by
voltage and intracellular calcium. As the membrane potential becomes more depolar-
ized and/or the calcium concentration increases (in the concentration range of 1077
to 10™%), the probability of these channels opening increases. These channels are very
similar to the large conductance calcium- and voltage-gated channels described in
muscle and other cells [1].

Physiological significance. Single channel data indicate that the intracellular
free calcium must go above 10 ° M for the channels to be activated at physiological
potentials. There is evidence, employing the calcium indicator Quin 2, that intracel-
lular calcium levels increase to micromolar levels during phagocytosis [54]. If the
calcium-activated K™ channels in situ have the same calcium sensitivity that they
have in isolated membrane patches, then an increase in calcium to micromolar levels
may be sufficient to open a few channels (although most would remain closed) if the
cell is depolarized by 20 mV. However, the physiological relevance of activating the
calcium-activated K* channel in the macrophage is unknown. This channcl, by
increasing the membrane permeability to potassium may serve in volume regulation
or to modulate the intracellular K* concentration. There is evidence, in othcr cell
types, that changes in intracellular K™ can influence synthetic processes [34,49] as
well as rcceptor-mediated cndocytosis [33]. In addition, in macrophages the contrac-
tile machinery also may be influenced by changes in K™, since these cells contain an
actin modulating protein, acumentin, whose activity is modified by changcs in potas-
sium concentration in the physiological range (100-200 mM) [50].

Recent studies have demonstrated that freshly isolatcd human monocytes do not
exhibit calcium-activated K™ channels but that they are expressed by the cells after 2
to 4 days in culture [18]. After 7 days in culture, 90% of patches from the cells
contained three or more channels. During this time, the monocytes are maturing into
macrophages. This maturation process produces a variety of morphological and
functional changes in these cells, including increases in protein content and decreases
in H,O, production [40]. Gallin and Gallin [20] demonstrated that chemotactic factors
induced membrane hyperpolarizations in long-term cultured human macrophages. It
is likely that these hyperpolarizations involved the activation of calcium-activated K
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channels. However, the fact that freshly isolated human peripheral blood monocytes
(which lack these calcium- and voltage-activated K* channels) are phagocytic and
chemotactic implies that these channels are not essential for those events.

Chloride Channel

Schwarze and Kolb [48] have described a chloride channel in mouse peritoneal
macrophages, that has a very large conductance (340 psiemens) which is five times
more selective for chloride than Na™. This channel is activated by both depolarizing
and hyperpolarizing voltage jumps and exhibits voltage-dependent inactivation.
Schwarze and Kolb [48] also reported that addition of the calcium ionophore A23187
to the bath during cell-attached patch recordings increased the probability of recording
these channels, thus implicating calcium in these events. However, the channels
exhibited no calcium sensitivity when recorded in excised patches of membrane.
Schwarze and Kolb [48] fit the complex kinetics of this channel to a model, describing
a single channel controlled by two independent voltage-sensitive gates. Similar models
have been used to describe the behavior of voltage-dependent gap junctions, and it
was suggested that the chloride channel plays a role in intercellular communication
[48]. If these channels play a role in intercellular communication, they might be
important in macrophage-macrophage or macrophage-lymphocyte interactions. There
is a preliminary report (that uses intracellular microelectrodes) demonstrating that
macrophages grown in tissue culture can be electrically coupled to each other [42].

Fc Receptor Channel

Ligand binding to the macrophage receptor for the Fc portion of immunoglob-
ulin and its subsequent cross-linking mediates the ingestion of particles and the
secretion of a number of mediators [53]. Experiments in the macrophage-like cell line
J774, indirectly monitoring membrane potential with tetraphenylphosphonium ions,
demonstrated that a transient membrane depolarization occurs following the addition
of ligands that bind to the Fc receptor [56]. In subsequent studies, these investigators
inserted isolated 1gG y2b/v1 Fc receptors (FcR) into lipid vesicles. They demonstrated
a membrane depolarization after exposure to IgG, which involved an increase in
permeability to Na® and K* ions. These findings indicated that the ligand-FcR
complex may form an ion channel that is permeable to cations [57]. Subsequently,
this was demonstrated directly by incorporating FcR into lipid bilayers and recording
the discrete current fluctuations produced across the bilayer after the addition of
immunoglobulin to the cis side (the side that the FcR was added to) [58]. The ligand-
FcR channel inactivated, remaining open transiently following the addition of ligand,
and it was permeable to both K™ and Na™ but had a low calcium permeability. Young
[54] has recently shown that the calcium concentration on the trans side of the
membrane (the side opposite to the binding site for IgG) modulates channel activity.
That is, the conductance across the bilayer decreased, and the channel gating proper-
ties changed when the calcium concentration on the trans side was increased from 0. 1
pM to 1 uM. Previous studies that used Quin 2 studies had shown that the concentra-
tion of intracellular calcium in J774 cells increases to micromolar levels following
ligand-FcR binding [55]. Therefore, changes in intracellular calcium that occur during
phagocytosis can modulate channel activity.

The studies directly measuring conductance changes following ligand binding
in artificial bilayers have recently been extended to intact cells by Nelson et al [41].
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They demonstrated that large-conductance channels were formed in intact membranes
from human alveolar macrophages after the addition of aggregated IgG to the bath.
Whole cell recordings from macrophages exposed to aggregated IgG resulted in large
inward currents. The role of the ion fluxes through the ligand-FcR channel in
mediating phagocytosis and secretion is unknown. However, it is likely that these
fluxes are important in triggering the physiological events that occur following ligand
binding and cross-linking.

BASOPHILS

The rat basophilic leukemia cell line RBL 2H3, which has been extensively
used as a model cell for studies of secretion, exhibits an inward rectifying K*
conductance [30] as well as a ligand-dependent ionic channel involved in the secretory
response [36]. The degranulation of RBL-2H3 cells is associated with an influx of
calcium and a membrane depolarization [11,32]. These events might be due to the
opening of a voltage-gated calcium channel. However, no inward currents were noted
during depolarizing voltage steps in RBL-2H3 cells (Ikeda, personal communication).

Potassium Channel

The inward rectifying K* conductance in RBL 2H3 cells is similar to that
described in macrophages [30]. It is increased by raising the external K™, activated
at potentials negative to —60 mV, and blocked by barium or cesium. As with the
macrophage, this conductance will set membrane potential at Ey (usually about —80
mV), but because of the steep voltage dependence, the conductance will turn off when
the cells are depolarized. In this way, the cells will have a high permeability to K at
rest and a low K* permeability (high resistance) during depolarization. However, as
with the macrophage, the functional relevance of these channels, other than maintain-
ing the resting potential near E; while still keeping the cell sensitive to depolarizing
stimuli, is not known.

Cromolyn-Binding Protein Receptor Channel

Recent studies by Mazurek et al [37] indicate that the calcium influx that occurs
during degranulation results from the opening of a ligand-dependent channel formed
by the aggregation of the cromolyn-binding protein (CBP) rather than a voltage-gated
channel. The antihistamine cromolyn binds to a specific membrane protein, and
blocks mediator-induced calcium influx and secretion in RBL-2H3 cells [37]. The
membrane protein that cromolyn binds to has been isolated and purified [36]. This
protein has been implicated in the secretory response, because cells lacking this
protein do not degranulate in response to immunological stimuli. Furthermore, the
insertion of CBP into these cells restores their secretory response [36]. In more recent
studies, lipid bilayers were formed that contained either CPB or plasma membrane
isolated from RBL-2H3 cells. The addition of monoclonal antibody against CBP to
these bilayers results in the formation of ion channels that are permeable to calcium
(and to K* and Na™ when calcium is absent). Channel formation required aggregation
of CBP. These data provide strong evidence that binding to and crosslinking of the
CBP result in the formation of an ion channel responsible for the calcium influx and
subsequent degranulation in RBL-2H3 cells.

In related studies on intact RBL 2H3 cells, Kanner and Metzger [32] demon-
strated that the aggregation of the receptor for IgE in the presence of millimolar
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external calcium resulted in a calcium influx, whereas in the absence of calcium,
receptor aggregation increased sodium influx. In addition, they found that depolari-
zation of the membrane by high potassium in the presence of calcium did not induce
degranulation, and in the presence of IgE, high K™ diminished degranulation [32].
These findings agree with those of Mazurek et al [37] and indicate that the secretory
response in RBL cells is mediated by a voltage-independent ion channel permeable to
calcium that forms following ligand receptor binding and aggregation.
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SUMMARY

1. J774.1 cells, a mouse-derived macrophage-like tumour cell line, were voltage
clamped using whole-cell patch-clamp techniques. Cells were maintained in suspen-
sion cultures and plated at varying times before recording.

2. The average zero-current potential of long-term adherent ( > 24 h) cells was
—776 mV. A tenfold increase in [K], produced a 49 mV shift in zero-current
potential.

3. Freshly plated cells ( < 24 h) expressed two voltage-dependent currents: an
outward current expressed transiently from 1 to 12 h post-plating and an inward
current expressed 2—4 h post-plating which persisted in 100 %, of long-term adherent
cells.

4. Inward current was dependent upon voltage, time and [K],'/2, similar to the
anomalous rectifier of other tissues. The conductance activated at potentials negative
to —50 mV and plateaued at potentials negative to — 110 mV. Inactivation was
evident at potentials negative to — 100 mV. Both the rate and extent of inactivation
increased with hyperpolarization. Inward rectification was blocked by external BaCl,
or CsCl.

5. The outward current was time- and voltage-dependent. The instantaneous I/ V
curves derived from tail experiments reversed at the potassium equilibrium potential
(Ex). A tenfold change of [K], shifted the reversal potential 52 mV, indicating that
the current was carried by potassium. This conductance activated at potentials
positive to —50 mV, plateaued at potentials positive to —10'mV and inactivated
completely with an exponential time course at all potentials. At voltages positive to
—25 mV the rate of inactivation was independent of voltage. The outward current
was blocked by 4-aminopyridine or D600.

6. During the first 10 min after attaining a whole-cell recording, the conductance/
voltage relation of the outward current shifted to more negative voltages and peak
conductance showed a slight increase; recordings then stabilized. The voltage
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dependence of the inward current did not shift with time but wash-out of inward
current was observed in some cells.

7. The J774.1 cell line can serve as a model for the study of the role of voltage-
dependent ionic conductances in macrophages.

INTRODUCTION

Leukocytes exhibit a number of voltage-dependent ionic conductances which may
be related to such cellular proeesses as secretion, ehemotaxis, and mitogenesis (Gallin
& Gallin, 1975; Fukushima, Hagiwara & Saxton, 1984 ; DeCoursey, Chandy, Gupta
& Cahalan, 1984). Three different voltage-dependent potassium currents have been
described in macrophages. Long-term cultured mouse macrophages exhibit an
inward rectifying potassium current activating at potentials negative to —70 mV
(Gallin, 1981). An outward potassium current activating at potentials positive to
—40 mV has been described in shorter-term cultures (Ypey & Clapham, 1984). In
addition, a calcium-activated potassium current has been described in cultured
macrophages from a variety of sources (Gallin, Weiderhold, Lipsky & Rosenthal,
1975; Olivera-Castro & Dos Reis, 1981). Recent single-channel studies have demon-
strated large conductance calcium- and voltage-activated potassium channels in
cultured-human macrophages (Gallin, 1984) and large eonductance chloride-selective
channels in mouse macrophages (Schwarze & Kolb, 1984).

In this study we used whole-cell patch-clamp techniques (Hamill, Marty, Neher,
Sakmann & Sigworth, 1981) to characterize both inward and outward voltage-
dependent potassium conductances in J774.1 cells. These cells, derived from a mouse
reticulum sarcoma (Ralph & Nakoinz, 1975), have been extensively studied because
they provide homogeneous populations that express many properties characteristic
of macrophages, including receptor-mediated endocytosis, secretion of enzymes and
immunomodulatory factors, and chemotaxis (Snyderman, Pike, Fischer & Koren,
1977). In addition, the existence of variant clones defective in specific funetions may
make them particularly useful in relating ionic conductances to macrophage function
(Unkeless, Kaplan, Plutner & Cohn, 1979; Bloom, Diamond, Muschel, Rosen,
Schneck, Damiani, Rosen & Scharff, 1978; Damiani, Kiyotaki, Soeller, Sasada,
Peisach & Bloom, 1980).

Macrophages express a variety of activities depending on their activation state or,
in wvitro, upon culture conditions. For example, adherent culture conditions (in
contrast to suspension culture) decrease the phorbol-ester-induced release of super-
oxide anion (Berton & Gordon, 1983) and alter the membrane transport of certain
nutrients (Pofit & Strauss, 1977). Indirect estimates of membrane potential using
tetraphenylphosphonium (TPP*) indicated that J774.1 cells in suspension had a
resting membrane potential of —14 mV (Young, Unkeless, Kaback & Cohn, 1983)
whereas both intracellular and patch micro-electrode studies of adherent J774.1 cells
have reported values considerably more negative (Sheehy & Gallin, 1984). These and
other observations suggest that the biophysical properties of the macrophage plasina
membrane may depend on whether the cell is in suspension or is adherent. In this
work we demonstrate the differential expression of two voltage-dependent potassium
currents in J774.1 cells upon transition from suspension to an adherent form. During
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the first hours after plating, an outward potassium current is evident which elosely
resembles that deseribed in other leukoeytes (Cahalan, Chandy, DeCoursey & Gupta,
1985; Matteson & Deutsch, 1984; Ypey & Claphain, 1984). This eurrent disappears
and 1s followed by an inward potassium current whieh is similar to the inward reetifier
described in long-term eultures of primary macrophages as well as in egg and muscle
eells (Gallin, 1981; Hagiwara & Takahashi, 1974, Leech & Stanfield, 1981).

METHODS

Cell cultire

J774.1 cells obtained froin the American Type Culture Collection (Rockville, MD, U.S.A.) were
maintained in tissue culture medium containing RPMI 1640 (Flow Labs, McLean, VA, U.S.A))
supplemented with penicillin 10 u./ml, streptomyein 10 gg/ml (Difco Labs, Detroit, MI, U.S.A.),
0-03 % glutamine (w/v) (Sigma, St. Louis, MO, U.S.A.), and 10 % fetal bovine serum (v/v) (Hyclone,
Logan, UT, U.S.A.). Stock cultures were maintained as a non-adherent population in spinner flasks
treated with Sigmacote (Sigma, St. Louis, MO, U.S.A.). For experiments, cells were withdrawn and
plated in 35 mm tissue culture Petri dishes (Corning Glass Works, Corning, NY, U.S.A.). Cultures
were kept at 37 °Cin a 7%, ('O, incubator and fed every 2-3 days. Cells were 12--14 um in diameter.

Electrical recordings

Recordings were made using the whole-cell variation of the patch-electrode voltage-clamp
technique (Hamill et al. 1981). Electrodes were filled with 150 mm-KCl, 10 mm-NaCl, 1-0 mm-MgCl,,
I'1 mM-EGTA, 0-1 mm-CaCl, (pCa = 7-7) and 10 mM-HEPES, and brought to pH 7:3. The bath
solution contained 155 mmM-NaCl, 46 mm-KCl, 1-6 mM-CaCl,, 0-6 mm-MgCl,, and 10 mm-HEPES
(pH = 7-:30). The liquid junction potential between the electrode and bath solutions (typically
4:5-5'5 mV, electrode negative) was subtracted from the voltage record. Ionic concentrations were
used to calculate reversal potentials because at these ionic strengths, internal and external activities
of sodium and potassium were within 2%, of each other (Fujimoto & Kubota, 1976). Experiments
were performed at room temperature (22-25 °C). In experiments where [K], was raised, KCl was
substituted for NaCl. Electrodes were fire polished and coated with beeswax to reduce electrode
capacitance. Resistances ranged from 2 to 10 MQ; seal resistances ranged from 5 to 20 GQ.
Confluent cultures were not studied to avoid the possibility of recording from electrically coupled
cells.

The output of a Dagan 8900 patch-clamp amplifier with a 1 G feed-back resistor (Dagan Corp,
Minneapolis, MN, U.S.A.) was filtered through a low-pass filter at | kHz; the output was displayed
on the oscilloscope and a strip-chart recorder. The output was also tape-recorded (Ampex PR2200,
Ampex Corp, Redwood City, CA, U.S.A.). I/V relations generated using slow voltage ramps
(dV/dt = 20 mV /s) were plotted directly onto an X-Y recorder (Hewlett Packard 7015B, Hewlett
Packard, San Diego, CA, U.S.A.). No series resistance compensation was performed. Since the
maximum amplitude of currents measured in this study was < 0-5 nA, the error due to series
resistance was no more than 5 mV and usually much less. Unless otherwise noted, cells were
maintained at the initial zero-current holding potential and voltage steps were separated by 10 s.
This was subtracted from the voltage records.

Statistical analysis and curve fitting were performed on a VAX 750 computer (DEC, Boston,
MA, U.S.A)) using the RS1 software package (BBN Inc., Cambridge, MA, U.S.A)).

RESULTS
Resting membrane potential
Initial studies were done on long-term adherent cultures ( > 24 h) of J774.1 cells
hecause they were judged more comparable to previous intracellular miero-clectrode
studies of macrophages (Gallin, 1981; Gallin & Livengood, 1981). The zero-current
Eolding pitential determined within seconds of attairing the whaole-cell configuration
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was used as an estimate of resting membrane potential. The zero-current potential
of thirty-seven cellsaveraged —77-6 mV +0-78 (s.E. of mean); values ranged from — 66
to —85 mV. The observation that the zero-current potential was within 109, of the
potassium cquilibrium potential (Ey = —87 mV assuming 2:3 RT/F = 57 mV where
R, T and F have their usual meaning, [K], = 4:6 and [K); = 150 mm) indicates that
shunt to ground aeross the pipette/cell seal or conduetance to ions other than K*
was no more than 109 of the whole-cell conduetance. Zero-eurrent potentials of

long-term adherent J774.1 eells were routinely stable for greater than 30 min and as
long as 90 min.
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Fig.1. Relation between membrane potential (estimated aszero-current holding potential)

and [K],. Data are the summary of twelve different cells exposed to three or four increases
in [K],.

To determine the relation between the resting membranc potential and the
potassiuin equilibrium potential, studies were done in whieh the extracellular
potassium was varied and the zero-current membrane potential was measured. The
data obtained from twelve different cells caeh exposed to three or four different [K],
are shown in Fig. 1. The linear regression line drawn through these points has a slope
of 49 mV /tenfold increase in [K], (corrclation eocffieient —0-90) compared to a
predieted slope of 57 mV/decade change in [K], for a potassium cleetrode.

[/ 1V relations

All long-term adherent J774.1 cells showed marked inward rectification. Fig. 2.4
depicts the current responses of a cell to voltage steps taken from its zero-eurrent
potential of —801nV. Hyperpolarizing voltage steps produced large inward currents
which activated rapidly. For steps beyond — 120 mV, the currents show a decrease
with time. The current clicited by depolarizing steps was considerahly smaller and
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exhibited no time dependenece. The I/V relations of this cell obtained from both
voltage steps (cireles) and a voltage ramp (continuous line, dV/dT = 20 mV/s) is
shown in Fig. 2 B. The apparent peak current, measured 10 ms after the beginning
of the step (a time when the ionie eurrent could be elearly distinguished from the
capacitive transient) and the steady-state current obtained with voltage steps are

A
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Fig. 2. A, current responses to a series of voltage steps from zero-current holding potential
(—80 mV). Cell plated for > 24 h. B, I/V relation of cell shown in Fig. 24. Filled circles
represent current measured 10 ms after start of step. Open circles represent current
measured at end of step (1 s). Voltage steps were applied every 10 s. Continuous line rep-
resents current generated by injection of a voltage ramp (dV/dT = 20 mV /s).

both plotted. Since there was no time dependence to current in the voltage range
of +40 to —110 mV, the peak and steady-state curves as well as the ramp-derived
curve are identical. However, at voltages negative to — 110 mV they diverge. In other
studies in which ramps to more negative potentials were done, a prominent hysteresis
was evident (see Fig. 3¢ and D) due to time-dependent inactivation of the inward
current. The cell in Fig. 2 had a maximum slope conductance of 9:6 nS for inward
current calculated between — 100 and — 120 mV (for both the ramp- and step-derived
curves) and a leak slope conduetance, calculated from —50 to —40 mV, of 0-9 nS.
The leak conductance of long-term adherent cells, calculated from —50 to —40 mV,
was 101 nS+0:12 (mean +8.E. of mean, n = 22).
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Effect of adherence on zero-current potential and 1]V relations

The resting membrane potential of non-adherent J774.1 cells as measured with
TPP?, an indirect probe of membrane potential, is significantly more positive than
our values obtained on adherent J774.1 cells (Young et al. 1983). To investigate the
cause of this differenee, we measured the zero-current membrane potential of J774.1
eells previously grown in spinner culture and plated shortly before recordings were
done. The zero-current holding potentials of cells studied at 30 min—-24 h post-plating
were similar to those of long-term adherent cultures (—66 mV or more negative),
indicating that J774.1 cells probably hyperpolarize rapidly upon plating.

40
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Fig. 3. I/V relations of four cells obtained by voltage ramp at various times after plating

from suspension culture. Cells were held at zero-current potential. 4, 1 h after plating.
Vp==7TmV.B 3h. V,==78mV.C.7Th. V;==81mV.D,>24h. V, =-72mV.

The I/} characteristies of J774.1 cells varied eonsiderably with time after plating.
Four I/V curves representative of the pattern seen in the 195 cells analysed in this
paper are shown in Fig. 3. Cells showed no evidenee of inward rectification
immediately after plating ( < 1 h) although small inaetivating, outward currents
were sometimes noted. The increase in the slope of the I/V curve at voltages positive
to —40 mV in the rising limb of the depolarizing ramp in Fig. 3 A reflects activation
of an outward current. The returning limb of the ramp was flat due to inactivation
of this outward current. This inactivating outward current was observed up to 8 h
after plating (Fig. 3 B and C) but was absent in eultures more than 12 h old (Fig. 3 D).
The outward current is deseribed in a later scetion of this paper. Inward reetifieation
usually became evident about 2—4 h after plating (Fig. 3C) and was the eharaeteristic
feature of I/ V curves obtained from eclls plated 24 h or longer (Fig. 3 D). Fxperiments
with voltage steps confirmed the results obtained with ramps.
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While the inward rectifier was always present in long-term cultures, expression of
the outward current was variable. The fraction of cells expressing the outward current
2—4 h after plating could vary from 90 to 20%. The consistent observation was that
the inward current was not expressed upon plating and took 2 h or more to manifest.
The inactivating outward current was seen between 1 and 12 h after plating and, with
only one exception, never thereafter.

Analyses of the voltage dependence of the inward and outward currents which are
presented later in this paper were all performed on stabilized cells. Apart from an
occasional transient increase in leak current during the first 10 min of a recording,
holding currents were stable throughout an experiment.
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Fig. 4. Chord conductance versus voltage of twelve long-term adherent J774.1 cells. Leak
conductance (calculated at —30 mV) was subtracted; each cell’s curve was normalized
by its peak conductance. Reversal potential was assumed to be —87 mV. Each point is
the mean +5s.E. of mean. Continuous line conforms to eqn. (1).

Inward rectification

The conductance /voltage relation. Comparison of I/V curves obtained with voltage
steps to those obtained with voltage ramps demonstrated that ramp-derived curves
provided faithful representations of the peak instantaneous I/V relation up to
— 110 mV (Fig. 2 B). Therefore the chord conductance of the inward current was
calculated from I/ V curves generated from ramps. Leak conductance, determined at
~ 30 mV, was =ubtracted. The reversal potential (£g) of the inward reetifying current

16 PHY 689
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was assumed to be Eyx (—87 mV). The conductance/voltage relations of twelve
long-term adherent cells obtained in [K], = 46 mM are presented in Fig. 4. The
conductance values of cach cell were normalized to 1:0 by its maximum ((Fnax) SO
that they could be pooled. The voltage at which the peak was observed varied from
— 110 to —120 mV; consequently, the pooled conductances at these potentials are
slightly less than 1-0. The conductance is substantially activated at rest (about 39 %
at —77 mV) and thus contributes to the resting membrane potential of the cell. At
potentials beyond —110 mV the data indicate a drop in the inward rectifying
conductance (this is more evident in Fig. 5B). This is an artifact resulting from
time-dependent inactivation of the conductance during the ramp, since experiments
with steps demonstrated that the inward conductance peaked by —110 mV and
remained constant at more negative voltages. With the exception of the drop in
conductance at potentials negative to — 110 mV, the conductance/voltage parameters
determined from peak currents in response to voltage steps agreed closely with those
determined from current responses to voltage ramps. This indicates that inactivation
positive to — 110 mV during the course of the voltage ramp was insignificant.

The continuous line drawn through the points in Fig. 4 represents an empirical
relation reported by Hagiwara for the anomalous rectifier in egg cells (Hagiwara &
Takahashi, 1974). This relation is described by the equation:

() Gax = 1/[1+exp (V=Vy)/v)], (1)

where v is a constant that characterizes the slope of the relation and V\ represents
a constant that locates the curve along the voltage axis; at V = V, the conduetance
is half-maximal. V = (V_—Ey), the driving force of the current where Vo, is the
membrane potential. The data shown in Fig. 4 were fitted by non-linear least-squares
regression. Values of 2:85+4+008 and 11:57+025 were obtained for V, and v,
respectively (coefficient of multiple determinations = 0-993). The relation is steep
near rest; fractional activation drops from 66 %, at —90 mV to 269, at —70 mV. The
average (fp,, of the cells in Fig. 4 was 657 nS£1-06 (mean+s.e. of mean).
Condutance/voltage characteristics of long-term adherent cells were routinely stable
for greater than 30 min.

Effects of [K],. The inward rectifying potassium conductance in egg and muscle cells
is a function of both the membrane potential and the [K], (Hagiwara & Takahashi,
1974; Leech & Stanfield, 1981). To determine if this is also the case for macrophages,
the effect of varying external potassium was investigated in J774.1 cells. Four /v
curves of a single cell taken after equilibration in sequentially increasing [K], are
shown in Fig. 5 4. In addition to depolarizing the cell, raising [ K], increased the slope
conductance for inward currents and shifted the voltage dependence of inward
rectification to the right. In Fig. 5B the conductance/voltage relations of the cell are
displayed for each of the four potassium concentrations shown in Fig. 54. The
continuous lines in Fig. 58 represent fits of cach set of conductance data (not
normalized by G,.) to eqn. (1); V;, and v determined at each [K], were not
substantially different from the values at [K], = 4'6 mum when the appropriate values
of By and G, were substituted. A log-log plot of G, versus [K], is shown in
Fig. 5C; linear least-squares regression gives a slope of 0-56 (r = 0-97). Similar data
from six different cells were normalized by dividing G, determined at each (K], by
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('max determined in [K]; 46 mm. The slope of a log-log plot of the normalized G, ,,
versus [K], for the six cells was 0-49. Thus, there is a square-root relation between
the peak inward rectifying conductance and [K],, similar to that observed in egg and
muscle cells (Hagiwara & Takahashi, 1974 ; Leech & Stanfield, 1981).

B
1.0 L4 000.000 °
°
°
o0
B ° 4
.‘ o® %00
® )
08 SRS o
o 0 : C
- ..:.
®
"b
06 ® PY
<o ° [ ]
< . °
s °
-~ L [ ] =
c - —— -80 V,
%9
0.4»—- PY ‘
° 5 -
s -148
°
® =
o2L @ /____..J—_I;s]:
ID
ol—t v 0oy
-170 -160 -150 -140 -130 -120 -110 -100 -90 -80 -70
V (mV)

Fig. 6. Steady-state current/peak current (I /[,) versus voltage. Data from eight cells.
I, determined 10 ms after start of step, I determined at end of 1 s step. Inset represented
by open circle at — 148 mV.

Inactivation. The I/V relations in Fig. 2.4 and B show that inward current was
time independent for voltage steps up to —110 mV but deereased with time at more
negative voltages and suggest that the inactivating component of total inward
current increases with hyperpolarization. The ratio of the steady-state current (/)
to the apparent peak eurrent (/) is plotted versus voltage for eight cells in Fig. 6.
The peak was measured 10 ms after the initiation of the voltage step when the
capacitive transient was clearly over. The data in Fig. 6 indicate that inactivation
occurs at voltages negative to —100 mV and that the inactivating component of
inward current increases with hyperpolarization. At the most negative voltages
studied (— 150 to — 175 mV), the stcady-state inward current was still greater than
leak. It was not possible to determine whether the ratio of I /I, plateaued at very
negative voltages since it was difficult to apply voltage steps to —150 mV or greater.

Fig. 7 4 shows the time-dependent current (I, — /) measured from current reeords
as a function of time for four different voltage steps. The current relaxations were
fit by single exponentials (P < 0-01). The time constants determined for voltage steps
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to —154, —145, —136, and — 114 mV were 58, 148, 218, and 298 ms, respectively.
Fig. 7 B shows the time constants of decay as a function of voltage for the same eight
cells analysed in Fig. 6. Time constants decreased with incrcasing hyperpolarization.

Blockers. Addition of barium (2-3 mM) to the bathing medium blocked inward
rectification in J774.1 cells. The I/ V curves from a cell before and after the application
of barium are shown in Fig. 8 4. The I/ V curve of the cell following addition of barium
became linear with a slope resistance of 37 GQ, a value equal to its resistance in the
voltage range —60 to —40 mV before the addition of barium. The zero-current
holding potential of this cell shifted from —81 to —51 mV. Barium completely
eliminated inward rectification in all cells tested. The average zero-current holding
potential after barium was —49 mV £+ 11-3 (n = 18). Block was not voltage dependent
at the barium concentrations and voltages studied. Note that the control and
barium-tested I/V curves intersect at —84 mV, indicating that barium-sensitive
current was carried by K* (Ex = —87 mV).

Caesium (1-3 mM) reduced the inward rectifying conductance in J774.1 cells
(n = 5). Block was voltage dependent, as shown in the I/V curves of Fig. 8 B. Block
was incomplete at rest and increased with hyperpolarization, producing a region of
negative slope resistance.

Outward rectification

1/V relation. As noted earlier, outward currents were obtained in cells that had been
plated for 1-8 h. Fig. 9 4 shows current responses of a cell, plated for 3 h, to voltage
steps from a holding voltage of —80 mV. Cells in these studies were held at —80 mV
regardless of their actual zero-current potential and a 40 s interpulse interval was
used. A 10 min interval after attaining the whole-cell confirmation was instituted
before initiating voltage steps to allow the conductance to stabilize (see section on
Stability of currents, p. 493). Fig. 94 shows that voltage steps positive to —40 mV
activated an outward current that declined with time. The outward current produced
by the step to —32 mV peaked at 30 ms. With increasing depolarization, the time
to peak was reduced (Fig. 9B). The time course of the rise of the outward current
was not systematically investigated because the capacitative transients obscured
very early events. Fig. 9C shows the I/V curve plotting the steady-state and peak
currents from the cell in Fig. 94 and B. The peak outward currents were measured
at least 10 ms after the voltage step (at a time when the capacitative transient was
over). The measured values for the peak currents for large depolarizing steps (where
the current activates rapidly) therefore underestimate the actual peak current. It is
evident from the steady-state I/V curve that the current completely inactivates.

Ionic basis of outward rectification. The ionic basis of the outward current was
investigated using a two-step pulse protocol. Fig. 10 4 presents oscilloscope records
of tail currents obtained in [K], = 46, 97, 148 and 20 mMm. The first pulse was to
— 10 mV which fully activated the outward conductance. The instantancous I/V
curves (Fig. 10B) were gencrated by plotting the amplitude of the tail current
(measured 10 ms after the second step minus steady-state current) versus the voltage
of the second step. The tail currents measured in this way underestimate the actual
tail currents, particularly for large currents and therefore were not used to calculate
conductanee. However. they ean be used to determine the reversal potential of the
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current. It is evident from Fig. 10 B that the reversal potential of the outward eurrent
shifted to the right as [K], inereased. A plot of the reversal potentials versus log [K],
for these data is shown in Fig. 10C. The points were fit by lincar-regression analysis,
and they haveslope of —52 mV per tenfold inerease in potassium (r = 0-96) indicating
that these outward currents are carried by potassium.

Conductance/voltage relations. The chord conductance of the outward rectifying
current was calculated assuming potassium as the predominant charge carrier and
Fy as =87 mV. Fig. 11 presents results from three cells. The rectifying current
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activated positive to —50 mV and plateaued around —10 mV. The dashed line
corresponds to a best fit of the data to the Hodgkin-Huxley equation for the delayed

etifier: Y /() 4 )
rectifier HGoax = 1/(1+exp | = (Vo= V) o))z, (2)

where V, and V) have the same meanings as in eqn. (1) and x indicates an unknown
degree of exponentiation. The values of V) and v determined from these data using
a first-power relationship are —31 and 57 mV, respectively (non-linear least-squares
fit, coefficient of multiple determinations = 0-98). Statistically significant fit could be
obtained for both first- or fourth-power relations.
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Fig. 11. Chord conductance versus voltage of three freshly plated J774.1 cells
(Vi = —80 mV), each pulsed to same voltage three times (each point is mean+s.E. of
mean). Conductances were leak subtracted (calculated at —60 mV) and normalized by
peak conductance for each cell. Reversal potential was estimated as —85 mV. Dashed line
conforms to eqn. (2), x = 1,

Inactivation. As shown in Fig. 9, the outward currents completely inactivated with
time during the voltage step. The timc course of the inactivation process was
described by a single exponential (Fig. 124). Fig. 12 B plots the time constant of
inactivation as a function of voltage for three different cells. Positive to —25 mV the
time constant was insensitive to voltage, averaging 538+25 ms (mean+s.p.);
negative to this potential, inactivation was consistently slower and appeared to show
some voltage dependence. However, since the amount of inactivating current
negative to —25 mV was very small, reliable estimates of the time constants at these
voltages could not be made.

The outward rectifying current recovered rclatively slowly from inactivation.
Recovery from inactivation was examined using paired 250 ms pulses to —10 mV
separated by a variable interval. The summary of three experiments is shown in
Fig. 13 in which the ratio of the peak current elieited by the second pulse to the first
pulse is plotted versus the interpulse interval. The time course of recovery was
deseribed by a single exponential with a time constant of 137 s.

Blockers. The effects of 4-aminopyridine (4-AP) and D600 on the outward currents
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were investigated because it has been shown that 4-AP (DeCoursey et al. 1984 ; Ypey
& Clapham, 1984), and verapamil (Chandry, DeCoursey, Cahalan, McLaughlin &
Gupta, 1984) block outward potassium currents in other leukocytes. Addition of
10 mm-4-AP (introduced at pH 7-4) or 1 mmM-D600 (methoxyverapamil) to the
bath during recordings from cclls exhibiting inactivating outward currents produced
a block of the current within 3-5 min. Lower concentrations of these agents
(1 mM-4-AP or 500 4M-D600) had only partial blocking action.
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Fig. 13. Time course of recovery from inactivation of outward rectification. The ratio of
the peak current during the second pulse (/,) to that during the first pulse is plotted as
a function of the interpulse interval. The continuous line conforms to /,//, = 1—-0-30 exp
(¢/ —13-7) where ¢ is seconds (P < 0-01).

The concentration of 4-AP needed to completely block the outward currents
produced rapid and extensive vacuolization of the cells and whole-cell recordings were
often lost following block of the outward eurrent. To ensure that the outward current
block was not related to a general run down of the cells, the following study was done.
Recordings were obtained from different cells in the same culture dish before and after
a 20 min incubation in 10 mM-4-AP and the resting membrane potential, leak
conductance, and outward currents measured. Both populations before and after4-AP
addition had the same average resting membrane potential and leak conductance
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(— 787 versus —785 mV and 1-1 versus 1-2 nS, respectively). However, the expression
of outward rectification decreased from six of seven cells observed before addition
of 4-AP to none of eight after. No release of the intracellular enzyme lactate
dehydrogenase was deteeted during a 1'5 h incubation in 10 mM-4-AD (S. W. Green
& E. K. Gallin, unpublished observations).

Stability of currents

Several groups of investigators have reported that some parameters of voltage-
dependent sodium, potassium and calcium conductances change with time during
patch-clamp recordings (Fenwick, Marty & Neher, 1982; Cahalan ef al. 1985;
Fernandez, Fox & Krasne, 1984). In J774.1 cells, the outward eurrent increased and
its activation shifted over the course of the first 10 min of a whole-cell recording. After
an initial stabilization period; outward current routinely remained stable for up to
an hour. I/V curves generated with voltage steps immediately after attaining the
whole-cell conformation and again after stabilization indicated that peak outward
conductance increased and activation shifted. The conductance/voltage curves from
four different cells fitted to eqn. (2) exhibited a 8 mV shift in ¥V to the left; no change
was found in v. The 8 mV shift may be an underestimate since it was apparent that
a significant shift occurred even as the first I/V curve was obtained. The inward
potassium current showed a different pattern of changes with time under whole-cell
recording conditions. The conductance/voltage relation did not shift and, in most
cells, maximum inward current was stable. In a few cells, voltage-dependent inward
current disappeared within 10-20 min without a detectable shift in its conductance/
voltage relation. Activation of the outward current shifted in such cells but no run-
down was observed.

DISCUSSION

This report describes two time- and voltage-dependent potassium currents in
J774.1 cells, a macrophage-like cell line derived from a mouse reticulum sarcoma
(Ralph & Nakoinz, 1975). The two currents have different voltage sensitivities: one
activating at voltages negative to —60 mV, and the other activating at voltages
positive to —40 mV. The former is similar to the inward rectifying potassium
conductance described in long-term cultures of mouse spleen and thioglycolate-elicited
peritoneal macrophages (Gallin, 1981 ; Gallin & Livengood, 1981). The latter is similar
to the outward rectifying potassium conductance described in mouse resident
peritoneal macrophages (Ypey & Clapham, 1984). These conductances are sequentially
expressed after J774.1 cells are switched from suspension to adherent culture.

Resting membrane potential

The relation of the zero-eurrent potential to [K], indicates that approximately 90 %,
of the resting membrane potential of J774.1 cells is determined by the potassium
electrochemical gradient. The remaining component, i.e. permeability to other ions,
may be indueed by the recording system (i.e. it may reflect a shunt conductance across
the electrode—cell seal), or may normally be present in unperturbed J774.1 cells. Our
previous studies using intracellular micro-electrodes demonstrated a broad distri-
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bution of resting membrane potentials in J774.1 cells, with resting membrane
potentials ranging from —18 to —86 mV (Sheehy & Gallin, 1984). A bimodal
distribution of resting membrane potentials, from —20 to —40 and —50 to —90 mV,
was found in primary cultures of mouse spleen and peritoneal macrophages (Gallin
& Livengood, 1981; Gallin, 1981). In those studies it was suggested that the
depolarized eells might represent a damaged subpopulation. The patch-clamp data
in this paper, demonstrating a unimodal distribution of hyperpolarized resting
mcmbrane potentials, indicate that this is the case.

The values of resting membrane potential for adherent J774.1 cells are very
different from the value of —14 mV obtained by Young et al. (1983) using the
lipophilic cation TPP* to indirectly monitor membrane potential. However, TPP*
measurements on adherent cells yield resting membrane potential values of —70 mV,
which are similar to those obtained in these studies (J. Young, personal communi-
eation). Therefore, it is likely that the proeess of adherenec produces a rapid (within
30 min) increase in the resting membrane potential. The ehange in resting membrane
potential must involve either an increase in potassium permeability or a deerease in
other permeabilities. The depolarization induced by barium indicates that the inward
reetifier contributes significantly to the resting membrane potential of long-term
adherent cells. On the other hand, cells soon after plating have —77 mV potentials
but do-not exhibit inward reetifieation, indieating that the inward reetifier is not
essential for the establishment of negative resting membrane potential.

Conductance changes following adherence

J774.1 cells express both voltage-dependent inward and outward potassium
currents at different times after plating. The outward current appears first, about
an hour after plating, and is lost within 12 h post-plating. In these studies the number
of eells exhibiting outward eurrent in any given dish was variable, but the time frame
of its expression remained consistent. With only a single exeeption (in 195 cells),
outward currents were not observed more than 12 h post-plating. All long-term
culturcd J774.1 eells express the inward reetifying potassium current; it was only
oeeasionally seen in eells plated for less than 3 h. As alrcady noted, similar inward
and outward rectifications have been desecribed in primary cultures of mouse
peritoneal maerophages (Gallin & Livengood, 1981; Ypey & Clapham, 1984). Y pey
& Clapham (1984) reported that the outward current was not present until eells had
been cultured under adherent conditions for 12 h and was expressed for at least 4
days (the duration of the studies). They did not observe inward rectification during
the 4 day culture period. Previous work in this laboratory has demonstrated that 2—4
week cultured mouse peritoneal maerophages exhibit prominent inward rectification
(Gallin & Livengood, 1981). Although these two conductances are expressed at later
times after plating in primary maerophages than in J774.1 cells, the expression of
the inward reetifying current appears to follow the expression of the outward current
in both cell types.

The differential appearance of these two conductances could result from any one
or a combination of the following processes: (1) the synthesis and subsequent
insertion of new channels in the membrane, (2) the insertion of pre-existing channels
in the membrane. and (3) the modulation of membrane channels. Sinee the expression
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of the outward rectifier in J774.1 cells oceurs rapidly, as carly as 25 min following
plating, it is unlikely that de novo protein synthesis is required. Inward rectification
develops slightly later, 2—4 h after plating; therefore, 1ts full expression may involve
synthetic processes. Studies examining this possibility are in progress.

In addition to influencing the expression of potassium eonductances, adherence
produces other physiological changes in macrophages. For example, Lazdins, Koech
& Karnovsky (1980) have shown that within 3 h after plating, the glycogen levels
in mouse peritoneal maerophages triple. Furthermore, Cohen, Ryan & Root (1981)
have demonstrated that 90 min after adherence, the release of reactive oxygen
metabolites inereases in response to phagoceytosis or phorbol myristate acetate. An
increase in a voltage-dependent inward caleium current which parallels the develop-
ment of immunoglobulin-secreting aetivity has been reported in lymphocyte—
mycloma hybridomas, another cell type of leukocyte origin (Fukushima ef al. 1984).
It is possible that the expression of the two potassium conductances in J774.1 cells
relates to a functional change(s) occurring following adherence.

The two conductances will have different effects on a cell. In response to depolariz-
ing stimuli the inward rectifier shuts oft whereas the outward rectifier activates; thus
voltage responses to depolarizing stimuli will be amplified for a cell exhibiting inward
rectification but blunted for a cell exhibiting outward rectification. Future studies
using pharmacologieal agents to block the inward and outward potassium conduct-
ances in J774.1 cells may be useful in elucidating the relation between these
conductances and cell funetion.

Inward rectification

The dependence of the inward current in J774.1 cells on both voltage and [K]?
is similar to that described for the anomalous rectifying potassium eonduetanee in
muscle and egg cells (Leech & Stanfield, 1981; Hagiwara & Takahashi, 1974).
Previous work in thislaboratory using intracellular micro-electrodes has demonstrated
a similar inward rectification blocked by barium and enhanced by inereasing {K1,
in mouse spleen and thioglycollate-indueed peritoneal macrophages cultured for
2—1 weeks (Gallin & Livengood, 1981). Thus, J774:1 eells ean serve as a model to study
the role of the inward rectifying current in macrophages.

The unique relation of the anomalous reetifier to [K], is particularly interesting
in the eontext of the role of the maerophage as a scavenger. Maerophages are
commonly found in sites of dead and dying tissue where [ K], may be locally elevated.
and the inereased inward rectifying conductance could be associated with enhanced
expression of some effector function. Macrophages are not unique among leukocytes
in expressing this conductance. A similar inward rectifying potassium current has
recently been observed in a rat-derived basophil leukaemic cell line (Ikeda & Weight,
1984).

The conductance/voltage relation of the inward current (eqn. (1)) was similar to
that of egg cells (Hagiwara & Takahashi, 1974). However, in J774.1 cells, activation
was faster than in skeletal muscele or starfish eggs (Leeeh & Stanfield, 1981 Hagiwara,
Miyazaki & Rosenthal, 1976), usually fully activated before the capacitative transient
was over ( < 10 ms). In contrast to activation. the voltage dependence of hoth the
rate and extent of inactivation of the inward current in J774.1 cells generally
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paralleled that of muscle and egg cells. Inactivation followed first-order kinetics with
a rate that inereased with membrane hyperpolarization, similar to the process
described in skeletal muscle (Standen & Stanfield, 1979) and tunicate egg eells
(Ohmori, 1978). However, the time constant of decay was generally longer in J774.1
cells than in muscle and egg cells. As in muscle and egg cells, the amount of
inactivation in J774.1 eells increased with voltage, resulting in steady-state a%
relations with regions of negative-slope resistance for potentials negative to
— 150 mV.

Inother cells, inactivation of the inward reetifying potassium eonductance has been
shown to result from onc or a combination of three possible mechanisms: (1) a change
in driving foree due to a potassium redistribution (Almers, 1971a, b), (2) bloek of the
open channcl by weakly permeant ions such as Na* (Standen & Stanfield, 1979), and
(3) aetual channel closure (Sakmann & Trube, 1984). It is unlikely that there is a
significant change in K* gradient in J774.1 cells since they are isolated in tissue
culture, and there is no evidence that they contain an extensive system of membrane
invaginations. The issuc of open-channcl block versus true channel closure would best
be approached by single-channel techniques rather than the whole-cell method used
in this study. However, the observation that significant current decay (up to 40°9;)
was secn at potentials where Na* bloek is not thought to predominate in other cells
(Standen & Stanfield, 1979) suggests that ehannel elosure is the predominant
mechanism in J774.1 cells in the voltage range studied in these experiments.

Outward rectification

The inactivating outward potassium current of J774.1 cells is very similar to that
of peritoneal macrophages and T lymphocytes (Ypey & Clapham, 1984; Cahalan et
al. 1985; Fukushima, Hagiwara & Henkart, 1984). The voltage dependence of
aetivation of the outward conductance in J774.1 cells eould be deseribed by
Hodgkin—Huxley-type kinetics. The values of Vy, and v determined in this study (— 31
and 57 mV, respectively) arc quite close to those reported in T lymphocytes (— 37
and 42 mV) by Cahalan et al. (1985).

The time eourse of inactivation of the outward current followed a single exponential
at all voltages studied, and showed no systematic voltage depcndence at voltages
positive to —25 mV. In two eells studied at potentials negative to —25, the rate of
deeay elearly deereased, but the measurement crror was too large to make accurate
estimates for the whole population. These results are similar to the findings of Cahalan
et al. (1985) in T lymphocytes.

The inactivating outward current in J774.1 cells was completely blocked by
10 mm-4-AP. This concentration, although high, is similar to the blocking concen-
tration reported in mouse peritoneal macrophages (5 my-4-AP; Yepey & Clapham,
1984) and human T lymphoeytes (10 mym: DeCoursey et al. 1984). The sensitivity of
the outward current to D600, an agent which blocks caleium channels suggests that
the conductance might be activated by the influx of caleium. Studies of exeised
patches from human maerophages have demonstrated large eonductance caleium-
and voltage-dependent potassium channels (Gallin, 1984). If similar channels exist
in J774.1 cells (and were to play a role in these outward eurrents), the internal calcium
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would have to be in the order of 107° M to produce the voltage dependence reported
here. This is unlikely since the cleetrode contains 1'1 mM-EGTA and inward (calcium)
currents were not seen in these cells. Furthermore, the time course of the activation
and inactivation are inconsistent with a caleium-activated potassium conductance.
Thus, this conductance differs from the ealcium-dependent potassium conductanee
previously deseribed in human macrophages. In T lymphocytes, the outward
potassium conductanee also is blocked by high concentrations of caleium antagonists
but shows no apparent caleium dependenee (DeCoursey et al. 1984).

Stability of currents

The zero-current holding potential recorded immediately after obtaining a whole-
cell patch recording usually remained stable for an hour or longer. However, I/V
curves frequently changed during the first 10 min of recording. After stabilization,
all cells showed a decrease in steady-state current at voltages positive to —40 mV.
Aetivation of the inaetivating outward eurrent shifted to more negative voltages in
cells exhibiting this current. Our estimate of a 8 mV shift in the conductance/voltage
relation is most likely an underestimate because of the time (3—4 min) required to
obtain the initial I/ V relation. The time eourse and magnitude of the shift in these
maerophage-like eells is similar to that seen in lymphocytes by Fukushima et al.
(1984). Two general mechanisms have been proposed to account for the eonductance
changes with time seen using pateh electrodes: (1) dilution/loss of intraeellular modu-
latory substances, and (2) alterations of membrane surfaee eharge (Fernandez et al.
1984). The observation that activation of the inward current did not shift under whole-
cell reeording conditions suggests that the shift of the activation of the outward current
was not due to a generalized phenomenon such as a change in surface charge.
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of the manuscript. The work has been submitted in partial fulfilment of the requirements for the
Ph.D. degree for P.A.S. who was supported by a Graduate Fellowship from USUHS. The work
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under Research Work Unit 00020. The views presented in this paper are those of the authors; no
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ABSTRACT

The in vivo dephosphorylation of the radioprotective agent S-2-
[3-(@aminopropylamino)]ethylphosphorothioic acid (WR-2721) in
male CD2F, mice was measured by *'P NMR spectroscopy after
i.p. injection. The disappearance of the WR-2721 phosphate
NMR signal with time was concurrent with an increase and
splitting of the inorganic phosphate NMR signal. The more acidic

inorganic phosphate resonance is shown to be attributed to
phosphate (inorganic phosphate) in the urine. Using regression
first-order kinetic analysis of data, after i.p. injection of 600 mg/
kg, the half-life of WR-2721 was determined to be 40.9 + 5.9
(S.D.) min (n = 10).

P NMR spectroscopy has been used to observe small, highly
mobile phosphate compounds, such as ATP, PCr, sugar phos-
phates and P’i, in tissues (Gadian et al., 1979; Gadian and
Radda, 1981). In vivo studies have been limited to the obser-
vation of endogenous phosphate metabolites. In this investi-
gation, the metabolism of an exogenously administered phos-
phate containing radioprotectant has been monitored in vivo
by P NMR. The NMR technique has the dual advantage of
being noninvasive and nondestructive, which makes it ideal for
performing serial examinations of the same subject.

WR-2721, S-2-[3-(aminopropylamino)]ethylphosphorothioic
acid, is a phosphorothioate that exerts a radioprotective effect
in several animal species (Davidson, 1980). Because this drug
protects normal tissues to a greater extent than most malignant
tissues (Yuhas and Storer, 1969), its use in cancer radiotherapy
1s being investigated. Phase I and II clinical trials are currently
under way (Kligerman et al., 1980). Presumably this drug is
dephosphorylated in vivo to yield the active thiol form of the
drug (WR-1065) and Pi (Yuhas, 1970; Harris and Phillips,
1971} as illustrated by the reaction
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H.N(CH.,);HN(CH,),SPO;H,
b d HzN(CH;);HN(CHz)ZSH + H;}PO4.

Most previous studies investigating the metabolism of this
drug have used *S radiolabeled WR-2721 (Kollman et al., 1971,
Washburn et al., 1974; Utley et al., 1976; Yuhas, 1980). How-
ever, this technique does not monitor the conversion of WR-
2721 to WR-1065. The appearance of WR-1065 can be moni-
tored by a combination of radiolabel and high-performance
liquid chromatography techniques (Utley et al., 1984), although
this requires time consuming tissue extractions and several
mice to assemble a time study. Inasmuch as only phosphoryl-
ated compounds can be observed by *'P NMR, the rate of
decrease of the WR-2721 phosphate signal constitutes a direct
measure of the dephosphorylation process. The *'P signal from
WR-2721 can be easily observed in vivo as its resonance is
clearly resolved and is well separated from endogenous phos-
phate signals. Furthermore, this technique allows the increase
in Pi to be monitored simultaneously. In this study we report
the determination of the rate of in vivo dephosphorylation of
WR-2721 in mice.

Methods

Phosphorus NMR spectra were acquired using a Nicolet NT-200
Wide Bore NMR, equipped with an Oxford magnet (4.7 Telsa) and a
Nicolet 1280 Computer. A 25 mm *P probe was used in all experiments.
Spectra were acquired without a field frequency lock, and without
proton decoupling. Magnetic field homogeneity was adjusted by maxi-
mizing the proton free induction decay from water in the sample.

*'P NMR spectra were obtained at 80.98 mHz, with a sweep width

ABBREVIATIONS: ECr, phosphocreatine; Pi, inorganic phosphate.
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of + 3000 Hz, using 8K data points. A one-pulse sequence, consisting
of a 78° pulse (35 usec), repeated every 1.56 seconds, was time averaged
for 192 acquisitions (5 min). The broad spectral component, consisting
of contributions from hone phosphates and phospholipids, was removed
hy the convolution difference technique (Campbell et al., 1973). The
signal was enhanced further by summing sequential pairs of spectra.
Resulting spectra therefore represent average concentrations over a 10-
min period. Relative concentrations of phosphorus-containing com-
pounds in each spectrum were determined hy computer integration of
peak areas using standard Nicolet software. The pH was calculated
using the formula pH = 6.72 + log,o(6 — 3.27)/(5.69 — §), where 6 is
the difference in chemical shift hetween PCr and Pi (Dawson et al.,
1977; Bailey et al., 1981).

Male CD2F, mice (Charles River Breeding Laboratories, Inc., Wil-
mington, MA), 8 to 10 weeks old and weighing 20 to 25 g, were used in
this study. The maximum tolerated dose (LD ,4/3) for WR-2721 in this
strain of mice is approximately 800 mg/kg. WR-2721 was obtained
from Division of Experimental Therapeutics, Walter Reed Army Insti-
tute of Research (Wash. DC). Solutions of WR-2721 were prepared in
neutralized sterile water immediately before use, and mice were injected
1.p. or s.c. behind the neck, with 600 mg/kg of drug. In one experiment,
0.5 ml of 0.5 M phosphate (pH 7.2) in 0.9% saline was injected i.p.

Mice were contained in an open-ended 25 mm glass NMR tube. The
mouse entered the bottom of the tube and was held in a relatively
immobile position hetween two vortex plugs. A large hole in the upper
vortex plug provided ventilation for the mouse. The transmitter/re-
ceiver coils of the probe covered the abdominal and hindquarter regions
of the mouse. Inside the magnet, air was continually vented around the
NMR tube to dissipate heat. Probe temperature was 24.0 + 1.0°C, and
was monitored continually.

To determine the half-life of WR-2721 in each mouse, data were fit,
using regression analysis, to an exponential of the form A(t) = 100*
exp(—Kt), where A(t) is the relative area of the WR-2721 signal at
time ¢ (in minutes). The half-life (in minutes), T, in terms of K is
given Ty, = (In 2)/K. The increase in urinary Pi with time was modeled
by the equation B(t) = C[1 — exp(—Kt)], where B(t) is the area of the

»
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Fig. 1. P NMR spectrum of the abdominal and hindquarter regions of
a mouse. A, naive mouse before injection; B, after i.p. injection of 600
mg/kg of WR-2721; C, same mouse 24 hr postinjection. Peak assign-
ments are as follows: 1) sugar phosphates (2.8 ppm); 2) Pi (1.05 ppm);
3) unidentified resonances; 4) PCr (=3.75 ppm); 5) 4-ATP phosphate
(—6.25 ppm), 6) «-ATP phosphate (—11.30 ppm); 7) 3-ATP phosphate
(—=19.9 ppm); and W, phosphate of WR-2721 (15.10 ppm).
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Fig. 2. *'P NMR spectra of representative mouse demonstrating de-
crease of WR-2721 and increase of Pi with time postinjection. Peak
assignments are: W, WR-2721; 2a, cellular Pi; 2b, urinary Pi. Times
indicated are midpoint of spectral acquisition time. An increase in urinary
Pi, concomitant with an upfield shift, indicating a decrease in pH, is also
observable.
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Fig. 3. Decrease in relative concentration of WR-2721 in vivo as a
function of time after injection; 100% represents integrated area of WR-
2721 signal in first spectrum. Using a least-squares analysis, a decreasing
exponential was fit to data (see “Methods”), and a half-life of 40.3 + 2.1
min was obtained for this mouse.
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Fig. 4. Pi region of *'P NMR spectrum of mouse. Peak assignments are
as in figure 2. Spectrum A was taken 15 min after mouse had been
injected with 0.5 ml of 0.5 M phosphate in 0.9% saline. Spectrum B was
obtained after mouse was forced to urinate. Cellular pH was calculated
to be 7.1 and urinary pH, 6.4 + 0.1.



1986

&
S jo 100 ¢ T T T T T T T T ]
cC a C ]
28 F oe—® ]
© L 50 o —
s ]
% x [ ./
oliE = P 4
55
8 o I ® Experimental Data ]|
g £ —— Least Squares Fit
g a 10 1 L 1 ] 1 1 1 1
T £ 0 20 40 60 80

= Time {min}

Fig. 5. Increase in relative concentration of urinary Piin vivo as a function
of time after injection of WR-2721. Data shown were obtained from
same mouse as data in figure 3. Data were fit to an exponential (see
“Methods”), using rate constant obtained from decrease of WR-2721
with time.

urinary Pi resonance at time t. The value used for K was that obtained
from the decrease of the WR-2721 signal.

Results

The *'P NMR spectrum (fig. 1A) of the abdominal and
hindquarter regions of a mouse is similar to that obtained on
in vitro (Houl et al., 1974; Burt et al., 1976a) and in vivo (Burt
et al., 1979; Ross et al., 1981) muscle preparations. The peak
assignments are given in the caption of figure 1. The chemical
shift of the Pi resonance is known to vary with pH (Moon and
Richards, 1973) and was therefore used to calculate changes in
urinary pH after administration of WR-2721. The minor uni-
dentified resonances appearing in the region between Pi and
PCr are typical of phosphodiesters (Burt et al., 1976b). Minor
contributions from ADP and NAD to the «-ATP and y-ATP
signals, which are seen in tissue extracts, are usually not
detectable in intact tissue.

After i.p. injection of WR-2721 a resonance attributable to
its phosphate moiety is immediately evident at 15.1 ppm (fig.
1B). The position of this resonance is typical of phosphoro-
thioates (Smithers and O’Sullivan, 1984), and is well separated
from that of endogenous phosphates. Twnety-four hours post-
injection another spectrum was acquired, and it can be seen
that the WR-2721 signal has disappeared completely (fig. 1C).

Figure 2 demonstrates the disappearance of the WR-2721
phosphate signal with time, and a concurrent increase, and
subsequent splitting of the Pi resonance. The rate of decrease
in the area of the WR-2721 signal as a function of time, relative
to the amount present in the initial spectrum, was monitored
for several mice (n = 10). The average half-life of the drug for
this group of mice was determined to be 40.9 + 5.9 (S.D.) min
(see fig. 3). ’

For the mice injected s.c. in the back of their necks, no WR-
2721 signal was observable. However, the increase in Pi was
noted (figure not shown). The signal attributable to cellular Pi
(fig. 2A, peak 2a) is a fairly broad resonance because it repre-
sents cytoplasmic Pi and Pi from many subcellular compart-
ments, all of which may have slightly different pH microenvi-
ronments. The chemical shift of this resonance signal remains
constant during the time course of the dephosphorylation of
WR-2721 and corresponds to a pH of 7.0 = 0.1. The narrowness
of the emerging Pi resonance line (labeled 2b) suggests that it
was due to Pi located in a homogeneous pH environment. The
upfield shift of this resonance with time indicates that this
environment is continually becoming more acidic, with the pH
decreasing from 6.6 to 6.2 £ 0.1 during the first 75 min post-
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injection. These observations are highly suggestive that the
newly formed resonance may be attributable to Pi in the urine.
To test this hypothesis, a mouse was injected with 0.5 ml of
phosphate in 0.9% saline at pH 7.2. Fifteen minutes postinjec-
tion the splitting of the Pi signal was clearly observable as is
evident in figure 4. The two resonance correspond to pHs of
7.0 (cellular) and 6.4 * 0.1 (urinary). The mouse was then
partially removed from the NMR tube and forced to urinate by
application of pressure to the bladder region. Approximately
0.2 m] of clear urine was expelled. Immediately after urination,
another spectrum of the same mouse was obtained. It is appar-
ent from figure 4B that after urination the narrow, more acidic
phosphate resonance disappeared. The increase in urinary Pj,
after injection of WR-2721, with time is shown in figure 5.

Discussion

The nondestructive technique of P NMR has been used to
monitor in vivo dephosphorylation of WR-2721. We interpret
our results in terms of two compartmental model,

A WR-2721 5» WR-1065 + H,;PO,
Ko |
B WR2721

where K 1s the rate of dephosphorylation and K|, is the rate at
which the drug is eliminated out of the region (A) accessed by
the receiver coils. Compartment B denotes regions of the mouse
outside the volume enclosed by the transmitter/receiver coils
of the probe, for example neck and head of mouse. When mice
were injected s.c. in back of their necks no WR-2721 phosphate
signal was detectable, although an increase in urinary Pi was
observed. Thus, the rate of dephosphorylation is faster than is
the dispersion rate from site of injection. It is this observation
which supports our contention that after i.p. injection of WR-
2721 dephosphorylation is being monitored and not diffusion,
i.e., K> K. This conclusion assumes the K/Kj, is unchanged
for the two injection sites. The **P NMR spectrum of the
abdominal and hindquarter regions of a mouse clearly exhibits
a resonance attributable to the phosphate moiety of WR-2721
after i.p. administration of this drug. By monitoring the time-
dependent decrease of this signal, the half-life of WR-2721 in
male CD2F, mice, after i.p. injection of 600 mg/kg, was deter-
mined to be 40.9 + 5.9 (S.D.) min (n = 10).

Phosphorothioates are among the most effective radioprotec-
tors known, and it is postulated that dephosphorylation of
these drugs is a prerequisite to the formation of active radi-
oprotectants. Previous investigations into the metabolism of
WR-2721 have predominantly used the **S radiolabeled form
of the drug. When radioactivity due to this label is measured,
it must be realized that all metabolic forms of the drug are
contributing to the radioactivity and not just WR-2721. This
technique is useful for monitoring the biodistribution of WR-
2721 and its metabolites, but it cannot be used to determine
dephosphorylation kinetics.

Most investigations into the radioprotective effect of WR-
2721 on animals have been conducted with administration of
the drug 15 or 30 min before irradiation. Few detailed studies
have concerned themselves with radioprotective efficiency vs.
time interval between drug treatment and irradiation. Davidson
et al. (1980), using ICR mice injected i.p. with 600 mg/kg of
WR-2721, found that radioprotection was fairly constant when
the time between drug injection and irradiation was varied from
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15 min to 3 h. Travis et al. (1982) monitored radioprotection of
mouse skin as a function of drug pretreatment time and found
optimal protection when irradiations were conducted 45 min
after drug injection. Stewart and Rojas (1982) also measured
protection of mouse skin, and found that most protection
occurred at 35 to 45 min postinjection, but maximum protection
was obtained at a 60-min time interval. These results are
consistent with our determination of an in vivo half-life of
approximately 41 min.

A drawback of the NMR method that deserves mention is
that only mobile compounds present inside the volume enclosed
by the transmitter/receiver coils of the probe are observable.
In this investigation, this region consists of the abdominal and
hindquarters area of the mouse. Previous studies monitoring
the biodistribution of **S-radiolabeled WR-2721 have shown a
significant accumulation of the radiolabel in liver, kidney,
spleen, small intestines, salivary gland and lung (Utley et al,,
1976, Washburn et al., 1974; Yuhas, 1980). Of these tissues,
only the lung and salivary gland lie outside the NMR observable
region. Another disadvantage is the relative insensitivity of the
NMR method. For rapid data collection (5-10 min) concentra-
tions of *'P metabolites must exceed 0.1 M. In this experiment,
10 min were needed to acquire the spectrum; therefore, we
cannot exactly measure the total initial amount of WR-2721
present. Instead, all signal areas were related to the area of the
WR-2721 signal obtained in the first spectrum. This means
that there could be an initial rapid component in the dephos-
phorylation process which escaped detection by use of nuclear
magnetic resonance spectroscopy.

Several reasons for using *P NMR to observe in vivo de-
phosphorylation of WR-2721 are evident immediately. First,
the NMR technique is noninvasive and nondestructive. This
makes it possible to perform kinetic metabolic studies on the
same subject. Also, each specimen can serve as its own control,
that is, it can be examined before and after drug treatment.
Compared to other methods used to monitor drug metabolism,
the NMR technique is rapid. It does not require the time
consuming processes of tissue extractions from several animals
before assay. An additional advantage of NMR is its nonselec-
tivity; when performing an in vivo *'P NMR experiment, signals
from all major mobile phosphorus-containing metabolites are
detected. It is this property which permitted the concurrent
detection of an increase in urinary Pi, even though our initial
attention was focused on the rate of decrease of the WR-2721
phosphate signal. Presently, work is under way examining the
in vivo dephosphorylation of similar phosphorothioate radi-
oprotectants. The "'P NMR technique can also be used to
monitor other in viwvo and in vitro dephosphorylation reactions.
Other NMR observable nuclei (e.g., 'H or *C) could also be
used to monitor the metabolism of pharmacologically important
compounds, if the sensitivity of the NMR method is adequate.
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The application of an external electric field simultaneously with + irradiation to an aqueous
suspension of $X 174 DNA (in the RFI form) is shown to increase significantly the number of
strand breaks. Tritiated DNA allowed the number of single-strand breaks to be estimated from
changes in the scintillation of electrophoretic gel band associated with the fastest mobility moiety.
A1 400 V (=2400 V cm™!) the corrected increase (corrected for phoresis of DNA on the stainless-
steel plates) in the G-value yield is 38%. The increase in damage with field strength appears to
follow the increase in reduced dichroism. Dichroism results correspond at 400 V to approximately
10% of the maximum orientation. Qur results support the conjecture that this significant increase
in DNA-radiation interaction with an electric field is due to field-induced conformation changes
in the molecule.

INTRODUCTION

The object of the research reported here was to establish whether or not ortentation
of DNA in electric fields would result in a significant increase in its sensitivity to
damage by ionizing radiation. It 1s well known that linear polyelectrolytes, particularly
polynucleotides and polypeptides, are electrically and optically anisotropic and exhibit
the phenomena of birefringence and dichroism (/). Basic information on the mac-
romolecular dimensions, size, and shape can be inferred from relaxation kinetics of
the field-induced changes. It has been shown that the very large dipole moments which
are induced in DNA by external electric fields via displacement of the counterion
atmospheres are responsible for its orientation along the field direction (2, 3). The
induced dipole moments of linear polyelectrolytes may become very large and depend
on the length of the molecule and the ionic density of the medium. For rod-like
molecules with lengths the order of 1000 A, at low ionic density (<10 mol d m™)
induced moments of up to 10° D have been determined. The induced dipole moment
of an individual linear polyelectrolyte dependence on electric field displays a Langevin-
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like behavior (4). Saturation of the polarization occurs at moderately high electric
fields; when the induced moment becomes independent of the external field and the
molecules behave as possessing permanent dipoles. Intramolecular dipole reorientations
in polyelectrolytes induced by electric fields can also occur; an excellent example
illustrating this is the rapid helix/coil transition of a polypeptide in a viscous solu-
tion (5).

The overall rotation of a macromolecule in solution is very slow compared to the
fast orientation of dipolar helical sequences. In the case of ¢X174 DNA the normal
form 1s a supercoiled circle which has rod-like characteristics and therefore will orient
in an external field. In addition to orientation there will be considerable conformational
changes as the field strength increases. With significant orientation and conformational
effects of electric field on DNA in solution it would not be unexpected to find a
corresponding large change in the interaction of ionizing radiation with DNA via the
indirect mechanism. A considerable literature exists on the effects of radiation on
DNA in aqueous solutions. We have selected X174 DNA because of the well separated
and simple band pattern which it produces in gel electrophoresis for the damaged and
undamaged forms.

ELECTRIC DICHROISM OF MACROMOLECULES

Orientation of a suspension of macromolecules in solution can be produced by
either static or pulsed electric fields. The applied field-induced orientation results from
interactions of the field with the permanent molecular electric dipole, the molecular
polanizability, and the transition dipoles of the molecules. In general, the polanizability
contribution to the orientational interaction energy is a complex function of the ionic
atmosphere of the polyion. Model calculations of the effects of the polarization of the
surrounding counterions on the macroions have been performed by Rau and Charney
(6, 7). Electric linear dichroism refers to the difference in the selective absorption of
light polarized perpendicular to the direction of the external field and the absorption
of light polarized parallel to the applied field. By analogy with the definition of bire-
fringence the reduced parallel dichroism (8) is defined as

A4, /4 = (A(F) — A)/A (1)

where A is the isotropic absorbance and A4, is the optical absorbance of the solution
for light polarized parallel to the applied electric field. The isotropic absorbance is
taken to be field independent, that is where dichroism arises only from orientational
induced anisotropy. The reduced dichroism, A4, /A, is concentration independent.
For an ensemble of macroions the reduced parallel dichroism can be written as the
product of an optical term, (G(#)), and an orientation function ® (9)

AAdy /4 = GO)P (2)

where § denotes the angle between the field direction and the transition moment of
the absorbing moiety. For optical transitions of the nucleic acid bases at A = 260 nm,
G(6) will approach —1 and & will approach unity at high fields (saturation orientation).
Charney and Yamaoka (9) have determined G(6) for DNA in aqueous solution at
different salt concentrations (0.09 to 1 mM NaCl) and found that at A = 270 nm,
G(6) varied between —0.58 to —0.67 depending on the molecular weight of the DNA.
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Our measurement of the specific reduced dichroism dependence on field voltage
for a dilute aqueous solution of $X174 DNA with 0.8 mAM Tris buffer is shown in
Fig. 1.

The optical density of the solution was 0.15 at 260 nm and 0.077 at 280 nm. In
the Kerr cell used for the measurement, the electrode spacing was 0.15 cm; thus it is
seen that saturation sets in at about 15,000 V cm ™! (2400 V). A least-squares fit of
the arc tan function is shown in Fig. 1; however, several other expressions can be
shown to fit equally well. A theory of optical activity for circular molecules is currently
lacking. There is evidence that unfolding of the coiled molecule occurs as part of the
orientation effect (/0). Transient electric dichroism measurements offer a means of
studying conformational changes. In general, one expects the decay of the dichroic
signal to exhibit at least two decay constants: a fast transient time constant arising
from internal molecular reorientation and a much slower time constant due to reori-
entation of the entire molecule. This has been confirmed by Revzin and Neumann
(/1) 1n their studies of the effects of electric field impulse of 30 us on E. coli ribosomal
RNA in solution. Transient dichroic measurement by Chen and co-workers (12) al-
lowed for the determination of the physical extension of the dG-dC polymer on its
transition from its B to Z form. Our transient dichroic measurements on ¢X 174 DNA
will be reported in a separate publication.

EFFECT OF IONIZING RADIATION ON DNA IN SOLUTION

The types of damage induced in DNA by exposure to ionizing radiation include
single-strand breaks, double-strand breaks, cross-linking, and base damage. It is known
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that DNA damage in aqueous solutions is predominately caused by the indirect action
of OH’ radicals initially produced by radiolysis of water (I3). Consider the electro-
phoretic gel-band pattern for ¢X 174 DNA as illustrated in Fig. 2. The normal con-
formation is that of the supercoiled circle—the RFI form—designated as Band I in
Fig. 2. A single-strand break is sufhicient to release tension in the RFI form, thereby
forming the “‘nicked” circular form represented in the gel pattern by Band III. This
form has the lowest mobility in the gel. A double-strand break causes the circle to
unfold and gives rise to the linear form, represented by Band II. In this latter form
the DNA would be devoid of any biological activity. If the DNA is tritiated the intensity
in each band can be monitored by scintillation counting. Postulating that single hits
by «v irradiation produce the “nicked” circular form, then from target theory it can
easily be shown that the number of single-strand breaks ny, (for low total doses) is
given by

RFI,
n
RFI,

nssb/mol =l (3)
where RFI, denotes the counts/minute in the RFI band for the unirradiated sample
and RFI, is the counts/minute in the RFI band for a total dose of D (rad).

After irradiation of DNA in dilute aqueous solution the number of single-strand
breaks per molecule is proportional to the dose,

Bssb/nT = kD (4)

where k is the probability of a break per nucleotide (#T) per rad. At a DNA concen-
tration of 0.2 mg/ml the value found for k was 4.15 X 10 " rad ' (14). The molecular
weight of X174 DNA is 3.4 X 10° Da, corresponding to 3.5 X 10? Da/nT or ap-
proximately 10* nT per RFI molecule. Hence the theoretical number of single-strand
breaks in ¢ X174 DNA per molecule is

_ 3
Begoymot = 4 X 1073 D, (5)
N
_—Gel tube
Band No. 3 ZZ "Nicked' circular

Band No. 2 L—. Linear

Band No. 1 RF-1

l T s A Front

S
FI1G. 2. Gel pattern for ¢ X174 DNA.
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An alternative expression for the yield of single-strand breaks 1s the G value, given by
Gssb/mol = 965 X 104CW/MD37 (6)

where C is the concentration of DNA in grams per milliliter, M is the molecular weight
in daltons and D5 is the 37% survival dose. At a concentration of 0.75 mg/ml the
37% survival dose is the order of 400 rad (/5).

EXPERIMENTAL DETAILS
Kerr Cell

The same Kerr cell employed in dichroism mcasurements was used for exposing
dilute aqueous solutions of $X 174 DNA with Tris bufter, EDTA (pH 8.0) to intense
®0Co irradiation. A diagram of the cell is shown in Fig. 3. The cell is a high quality
Lucite cylinder, out of which a rectangular cavity was cut along the equatorial plane.
The cavity was lined by stainless-steel plates spaced 0.15 cm apart. The cavity ends
were sealed by Lucite plates screwed down to impinge on Teflon seals. Other fittings
included two filling holes, two steel pins which contacted the steel electrodes and
connected them via external cables to the power supply. To compute the dose to the
solution in the cavity the tissue to air (TAR) ratio was determined both experimentally
and theoretically (using the Bragg-Gray principle governing small cavity ionization).
With the ccll/source configuration used in thc experiment, the computed TAR value
was 0.94, a value confirmed experimentally. Thus for an air dose rate of 7005
rad/min this gave a solution dose rate of 6505 rad/min. There was an additional dose
of 487 rad due to the finite time it takes to raise and lower the cobalt source. The
maximum total exposure time was 2 min giving a total dose of 13,627 rad.

Electric Power Supply

The mobility of DNA in solution is quite high, of the order of 5 X 107* cm? 5!
V ! at a sodium ion concentration of 10 mAM. With electrode separation of 0.15 cm
at 400 V, it is estimated that all DNA would be phoresed on the electrodes in about
125 ms. DNA molccules bind covalently to the metal and field reversal unfortunately
does not remove it. The power supply could deliver a maximum of 2000 V at 100
mA. The vacuum relay which accomplished the field reversal had an “ON”’ time of
140 ms with a “*dead” period between reversal of about 50 ms. Figure 4 reports the

CYLINDER - SIDE VIEW
—-ls—]* CYLINDER - TOP VIEW

A
| gy

1 cm

8.8 cm | I I—1ﬁ—
o (5]

2 e

F1G. 3. Schematic of Kerr cell. Cylinder made of high quality Luctte with stainless-steel electrodes.
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FIG. 4. Electric field-induced loss of DNA by electrophoresis in the Kerr cell.

results of measuring DNA loss by electrophoresis in the cell. The percentage loss of
DNA was determined by taking 2 ul of the exposed DNA (to the field dose for periods
of 2 min) and adding them to 10 ml of scintillation ‘“‘cocktail” for counting (the DNA
was tritiated). It is evident that there is an unacceptably large loss of DNA even at
400 V. These losses can be reduced by switching the field ON and OFF every 10 s
and even more if the interval was reduced to 5 s. In the second radiation experiment,
this tactic was resorted to and allowed a field voltage of up to 400 V to be utilized.
Under these conditions the total exposed time to the electric field was reduced to 1
min. In our first experiment, the field was applied continuously, but the maximum
voltage used was 250 V. In all cases, corrections to computed yield values for electro-
phoresis losses were made.

¢X174 DNA

The ¢ X174 DNA used was supplied in the Replicative Form I (Genex Corp., Gaith-
ersburg, MD). Some nicked circular form was present. The tritiated DNA allowed for
quantitative assessment of damage by scintillation counting as discussed above. The
solution concentration was 0.75 mg/ml for the experiment. This was diluted to produce
an optical density between 0.18 to 0.20. The solution was buffered with Tris and
EDTA to pH 8.

Gel

Gel pattern for the solutions used is shown in Fig. 5 (background—0 V/0 radiation).
One percent agarose tube gels were formed and ethidium bromide dye was used after
the electrophoresis. The gel tubes were examined under uv light and photographed.
The bands (I, II, and III) were dissected out of the gels placed in containers with 20
ml of scintillation “‘cocktail,” and the relative DNA contents were measured in an
automatic scintillation counter unit.
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FI1G. 5. Gel bands for radiation experiment No. 2.

=XPERIMENTAL RESULTS
First Radiation Experiment

In this experimant three exnosures of the ¢X solution in the Kerr cell to the *°Co
source were made. The exposures were 2 min long, with a total absorbed dose of
13.622 rad for each exposure. The electric field was ON continuously. The conditions
of the three exposures werz

Numbder 1 Radiation + 250-V field
Number- 2 Radiation + 200-V field
Numbe- 3 Radiation only.

In addition three control mzasurements were made:

Number 4 250-V field only
Number & 200-V field only
Number € Background—0 radiation/0 field.

The production of the nicked circular form (Band No. 3) and linear form (Band No.
2) through radiation interaction is clearly seen for the “‘rad only” case, and these
bands are more pronouncec 11 the presence of the electric field (200 and 250 V). A
fourth band is evident and co:responds to low mobility material considered to be a
contaminant.

Table | summarizes the relative intensities in the various bands in terms of scintil-
lation counts/minute. It is s2ea that there is a substantial loss of DNA through elec-
trophoresis even at the 250- and 200-V level.

Using Eq. (2) tke vield of single-strand breaks (or more) per ¢ X molecule, Gep/mol
was computed from Table I for the three radiation runs. These are given in column
I of Table II and designated as “‘ur.corrected.” The corrected values, obtained by
subtracting out the electrophoretic losses, are given in column 2. The percentage
increase in radiation damage (single-strand breaks and more), attributable to the electric
field eftect, 1s also computzad &nd is 40% at 250 V (1800 V/cm) and 27% at 200 V
(1200 V/cm).
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TABLE I

Scintillation Counts per Minute—Experiment No. |

Run No./Band No. 4 3 2 1

1. rad + 250 V 810 7,100 806 1,612
2. rad + 200 V 680 12,700 218 2,238
3. rad 640 25,400 4,500 5,455
4. 250V 791 1,100 484 18,621
5. 200 V 740 950 640 20,500
6. Background 868 7,140 545 31,221

Second Radiation Experiment

In this experiment, voltages of 200, 250, 300, 350, and 400 were used. As mentioned
earlier, to minimize electrophoretic loss of DNA, the field was switched ON for 5 s
and OFF for 5 s sequentially over the 2-min exposure interval. Some reduction in
field effect would be expected, and so the results of Experiments 1 and 2 are not exactly
comparable. The gel patterns obtained for the 400 V, 300 V, and background cases
are shown in Fig. 5. The increase in nicked circular and linear form can be seen at
200 V. Very faint bands were apparent at 400 V and most of the effect here is due to
electrophoretic loss.

Table III shows the background, 400 V, and 400 V with ~y-radiation results in
counts/minute, the uncorrected and corrected single-strand break yields, and the per-
centage increase in single-strand breaks.

It is seen that at 400 V the corrected increase in the value of the yield, Gpmor, 1S
38%. The predicted number of ssb for $X 174 DNA molecules at a concentration of
2 mg/ml is

Gssb/mol =4.15 X 10—3 D

where D is the dose in rad. For a total dose of 13,627 rad this relationship predicts a
yield of about 56 ssbs per ¢ X molecule. The concentration used here was about 0.008
mg/ml and scaling linear, a yield value of about 2 would be expected. Values obtained
in the “‘rad only” cases of experiments | and 2 are in the vicinity of 1.7. Within
experimental errors (estimated at about £20%), the correspondence is close enough
to confirm the reliability of the results obtained in these experiments.

Figure 6 shows the percentage increase in damage plotted versus field strength. The
corrected and uncorrected curves are shown and the specific reduced dichroism curve
is superposed. The increase in damage with field strength appears to follow the increase

TABLE 11

Single-Strand Break Yields in Experiment No. 1

Run No. Uncorr. Corr. % Increase
I. rad + 250V 2.96 2.44 40
2. rad + 200 V 2.63 2.21 24

3. rad 1.74 — —
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TABLE 1l

Radiation Results—Experiment No. 2

Band No. G % Inc. in G
Run 3 9, 1 Uncorr. Corr. Uncorr. Corr.
1. Background 1500 560 8300 — — — _
2. Radiation 6350 1250 1500 1.71 — - _
3.400 V 1250 940 3800 — — — _
4. rad + 400 V 4620 850 358 3.14 2.36 83 38

in reduced dichroism. At a field strength of 2400 V/cm (400 V) the increase is about
38%. Dichroism results correspond at 400 V to only about 10% of the maximum
orientation. This observation supports the conjecture that this significant increase
in DNA/radiation interaction is due to field-induced conformation changes in the
molecule.

CONCLUSIONS

The results demonstrate a significant electric field-induced increase in °°Co y-ray
damage to $X 174 DNA in dilute aqueous solution, even at field strengths of 2400
V/cm and below. It is likely that the conformational changes in the ¢ X molecule are

1 | 1
go - (a) DICHROISM ]
(b) UNCORRECTED DAMAGE
- (c) CORRECTED DAMAGE — 15
70 ' 5.5.8.-SINGLE STRAND BREAKS e s
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FIG. 6. Increase in radiation damage of ¢X 174 versus field strength (V/cm). Open and solid circles and
open boxes denote data points. Lines drawn for clarity.
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the source of this increased interaction, leading to considerable exposure of reactive
sites on the DNA molecule to the action of the OH' radicals. Linear extrapolation of
the damage versus field strength curve, to a saturation value of 15,000 V/cm, would
predict that the percentage increase in damage would rise to over 250%. This large
predicted increase needs to be verified by further experiments. The present results are
promising enough to warrant a similar investigation using intracellular DNA. In this
connection it must be noted that the phenomena of electric dichroism has already
been established for chromatin subunits (16, 7).
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A sufficiently large dose of ionizing radiation produces changes
in water consumption. However, the direction, durations, and
physiological substrates of these alterations remain in question.
Here we report a 5-d hypodipsia in rats exposed to 600
rads ““Co but a more transient, albeit larger, reduction in
drinking after 1000 %°Co. Brain cholinergic neurons have been
implicated as mediators of thirst. Therefore, we explored the
role of hypothalamic muscarinic receptors in the production of
radiation-induced hypodipsia. This was accomplished through the
intrahypothalamic injection of carbachol (a muscarinic agonist) or
atropine (a muscarinic antagonist) in irradiated rats. Intracranial
carbachol produced acute reversal of radiogenic hypodipsia while
atropine potentiated the hypodipsia. These post-irradiation drug-
induced behaviors were similar ta thase observed after the same
drug treatments before irradiation. Since cholinergic neuronal
functions persist and are labile (can be pharmacologically
stimulated and blocked) after irradiation, this suggests that
other neuronal systems and/or neurochemicals may be more
prominently involved in radiogenic hypodipsia.

-

XPOSURE TO A sufficiently large dose of ionizing
radiation alters consummatory behaviors. A
reduction in food intake has been reported almost
universally in rats after a variety of doses of radiation
(16). Although water consumption usually parallels
food intake in rodents, (3) both radiogenic hypodipsia
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and polydipsia have been described (32). Garcia et al.
(4) reported that drinking is reduced during multiple
low-dose exposures but increases between exposures.
Others have found a dose-dependant polydipsia on some
days after irradiation and hypodipsia, or no change
in drinking, on intervening days (25,31,32). Under
many conditions, a reduction in drinking has also been
described (2,10,27) as has a radiogenic decrease in
thirst-motivated operant responding (2). The brain
neuropharmacology which influences these behavioral
changes has not been determined.

A large volume of evidence suggests that cholinergic
neurons of the hypothalamus are involved in the control
of water intake. For example, Grossman (12,14)
stimulated a drinking bout in satiated rats by implanting
a long-lasting muscarinic acetylcholine receptor agonist
(carbachol) into the hypothalamus. Muscarinic receptor
blockade of hypothalamic neurons (with atropine or
similar compounds) reverses the carbachol-induced
hyperdipsic response (13,17,19). Acetylcholine itself
is an effective dipsogen (12,30). Inhibition of
acetylcholinesterase causes drinking as well (12,20,21).
While other neurochemicals are clearly involved in the
production of drinking (for review see 7,8) it is generally
accepted that regulatory drinking is at least partially
mediated by a cholinergic thirst circuit (28).

The neural mechanisms associated with radiation-
induced changes in drinking have received relatively
little experimental attention (1). The present studies
investigated the role of cholinergic brain neurons in
radiogenic hypodipsia. We observed a dose-dependent
decrease in postirradiation water consumption, which
could be acutely reversed by an intrahypothalamic
injection of the cholinergic agonist carbachol.
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EXPERIMENT 1
MATERIALS AND METHODS

Subjects: 32 experimentally naive, male, Sprague
Dawley rats (200400 g) were used in these experiments.
At least 24 h before the experiment was begun, subjects
were individually housed in plastie cages. Rats were in
a room illuminated from 6:00 a.m. to 6:00 p.m. daily.
Ambient temperaturc was set at 20°C. Purina rat chow
and water were continuously available.

Procedures: We measured water consumption onee a
day for 2 d prior to irradiation (baseline) and then for 5
d immediately postirradiation.

Rats received a whole-body, midline tissue dose of
either 600 rads (N=10) or 1000 rads (N=6) ®“Cobalt.
An equal number of subjects were sham irradiated for
times equal to those of the actual radiation exposures.

Irradiated subjects were placed into individual con-
straining polyethylene tubes immediately before they
were exposed. The tops of the tubes were eovered
by a 0.5-mm lead sheet. Time of exposure was 4.4]—
4.52 min for 600 rads, and 7.78-8.05 min for 1000 rads.
Therefore, within the time of collection of the results
reported, the dose rate changed slightly from 136.05 1o
132.74 rads - min ! for 600 rads and, during a different
time period, from 128.53 to 124.22 rads - min ' for 1000
rads. This was due to the decay of the ¥Co souree. The
source-to-subject distancc was 80 cm and the field of
exposure varied from 15 x 15 cm (600 rads) to 25 x 25
cm (1000 rads). Radiation originated above the animal
from a Theratron 80 irradiator manufactured by Atomic
Energy of Canada. The “Co source was a single sphere
of approximately 4580 euries (as of Deeember 1980). Tt
was driven in a horizontal direction by air pressure in
the Theratron 80.

Dosimetry was accomplished in air with ionization
chambers (Spokas Model 1000) whose calibration is
traeeable to the National Burcau of Standards. The
chambers were equipped with a “Co build-up eap. The
doses and baek-scatter factors were computed from
depth/dose tables (4).

For purpose of data analysis. changes from-average-
baseline statisties were computed for each subject (daily
water consumed postirradiation/sham minus avcrage
baseline water consumption). We then compared using
t tests (33) the scores of irradiated and sham-irradiated
rats. This was done for the differenee scores derived
during each of the 5 d after exposure. Baseline drinking
was compared in the same way. Since several t-tests
were computed for each data sct, a strict alpha level was
set to compcnsate for the potential of a Type I error
(33). An alpha of 0.05 was partitioned over the five
comparisons by Bonferroni allocation (22). Thus we
assumed statistical significance when individual ¢ tests
resulted in p =< 0.01.

RESULTS

The lower dose of radiation (600 rads) produeed a
signifieant depression in water eonsumption over thce
observed time period. The hypodipsia recorded after
1000 rads was initially more pronounced, but transient
and variable (Fig. 1.2).
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Fig. 1.  Changes in average water cansumptian after either
600 rads *“'Ca ar sham irradiatian. Vertical bars represent the
S.EM. (N=10/paint). Asterisks indicate daily statistically signifi-
cant differences fram sham-irradiated group [t tests): *p<0.01;
**p<0.005; ***p<0.001. Mean 2-d baseline water cansumptian
was: irradiated rats: 37.8 ml (S.D.=7.4 ml); sham-irradiated rats:
34.2 ml ($.D.- 6.7 ml).

The figures show that baseline water consumption
was similar for both experimental and sham-irradiated
control subjeets within each expcriment (p > 0.05 for
both 600 and 1000 rad-doses).

After 600 rads Co. rats consumed less water
compared to sham-irradiated controls (Fig. 1) as they
significantly reduced their drinking on cach of the §
d after exposurc. Similarly, 1000 rads *Co produced
a significant depression in drinking during the first 2
days after irradiation. However, the drinking scores
were more variable after a 1000-rad exposure (Fig. 2).
Although water consumption was lower than control on
post-irradiation days 3-5, it did not achieve statistical
significance (p = 0.07, 0.06, and 0.06 respcctively).

DISCUSSION

The lower dose of ionizing radiation used here (600
rads *’Co) produeed a statistically significant hypodipsia
for at least the first 5 d after exposure. Similarly, a
significant reduetion in water intake was noted during
the first 2 d after 1000 rads “Co. Although hypodipsia
continued in these subjects for the following 3 d, this
decrease in drinking was highly variable and just failed
to achieve statistical significance.

This prompt, transient, radiogenic drop in water
intake is, in some ways, similar to that reported
previously by Afifi et al. (1) as well as Smith and Tyree
(32). However, this effeet may not be characteristic of
rats whieh have received lower and/or fractionated doses
of radiation (10.11,25).

Food consumption and body weight often parallel
measures of water intake of rats (3,16). We have
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Fig. 22 Changes in average water cansumptian after either
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previously reported a transicnt decrease in food cen-
sumption and body wcight following both 600- and 1000-
rad exposurcs of the animals uscd in this experiment
(23).

EXPERIMENT 2

Experiment 1 demonstrated that whole-body ex-
posure to 600 rads ®Co produccs a hypodipsia which
lasts for at Icast 5 d after irradiation. In Experiment 2,
we tested the lability of this response through stimula-
tion or blockage of muscarinic cholinergic receptors of

" the hypothalamus.

MATERIALS AND METHODS

Subjects: 14 experimentally naive male Sprague-
Dawlcy rats (250-350 g) were used in this experiment.
Subjects were maintained as described in Experiment 1.
Purina rat chow and water were always availablc.

Procedures: All rats werc chronically implanted with
bilateral intracranial cannula aimed at thc nucleus
dorsomedialis hypothalami (DMH). Thc DMH was
selected as an injection sitc since it is known to
contain muscarinic receptors (26.34) and bc involved
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in the regulation of water intake (14,19). Stereotaxic
coordinates werc 2.0 mm posterior from bregma; =
0.75 mm lateral from the midline; and —8.0 mm skull
depth (18). In preparation for this surgical procedure,
rats were anesthetized i.p. with 50 mg - kg ' sodium
pentobarbital. Atropine sulfate (0.4 mg - kg ' i.p.) was
used as a preanesthetic agent.

Animals were allowed at least a week to recover
from surgery.  Then, over a several-day period,
rats received intrahypothalamic injections of carbachol
and/or atropine sulfate. Carbachol (carbamylcholine)
is a cholinomimetic drug, not readily metabolized
by cholinesterase, that stimulates muscarinic receptors
(9.28). Atropine sulfate is a cholinergic antagonist that
blocks muscarinic receptors (9,28). Subjects received
more than one of the following baseline intracranial
injections in a randomized order of presentation: 3.2
ug carbachol (1.6 wug/cannula in 1lul isotonic saline,
N=7) or 6.4 ug carbachol (3.2 ug/cannula in lul
isotonic saline, N=10) and/or 1.6 ug atropine sulfate
(0.8 ug/cannula in lul sterile water, N=35). One of
these injections was given either in the morning (8:00
a.m.) or the afternoon (3:00 p.m.). Vehicle control
injections, equal in volume to drug injections, were
given at the alternate time of day in a randomized
design.  Drug injections were given at least 24 h
apart.  After each injection, rats were replaced in
their home cage where water consumption and time
spent drinking were monitored for 0.5 h. On the day
following the last baseline injection, rats were exposed
to 600 rads of ®Co using the procedure described in
Experiment 1. The postirradiation drug administration
procedures and doses closely paralleled those described
before irradiation. Approximately 17 h after radiation
exposure, each rat received an intracranial drug
injection comparable to one of those given during its
baseline. Vehicle control injections again were given
at a different time of the same day. Subsequent drug
and vehicle injections, comparable to those given before
radiation exposure, were administered within the first 5
d after irradiation. The order of drug administrations
was randomized. After each of these injections (drug
or vehicle), water consumption and time spent drinking
were recorded for 0.5 h.

At the time of sacrifice, lul of evans blue dye
was injected into each cannula to image the flow of
drug within the hypothalamus. Animals with extra-
hypothalamic dye were not retained in the experiment.

All cannula placements were histologically verified (Fig.
3

RESULTS

Cholinergic stimulation of hypothalamic muscarinic
receptors acutely rcversed the radiogenic hypodipsia
after 600 rads ®Co. Atropine’s blockade of thesc brain
receptors further depressed the drinking of irradiated
subjects. These effects did not differ significantly from
those observed before radiation exposure.

Prcliminary computations of group variances sug-
gested that they wcre not homogencous and, therefore,
nonparametric statistical tests wcre used in the data
analysis (29).
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Fig. 3. Lacations af injectian cannvula tips (drawings revised
from Kénig and Klippel, 1963. (18).
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As in Experiment 1, 600 rads ¢®Co signifieantly
redueed the water intake of non-drugged rats in this
study. We used the Wilcoxon matched pairs sign ranks
test (28) (WMPSRT) to eompare levels of baseline water
consumption, observed after vehicle-control injections,
with similarly-derived water consumption postirradia-
tion. This test revealed a significant deerease (p<<0.005)
in total fluid consumed during the observation period
following 600 rads ®Co (Fig. 4,5).

Before irradiation, intracranial injections of carbachol
significantly enhaneed, over vehicle eontrol injections,
the amount of water consumed as well as the
time spent drinking (3.2 ug carbachol, p=0.01, 6.4
ug carbachol, p<0.005; both measures, WMPSRT).
Intrahypothalamically applied atropine sulfate had
the opposite effect or reduecing water consumption
(p=0.031, sign test).

After radiation exposure, these effects persisted.
Carbachol enhanced the amount of water drunk and
the time spent drinking (3.2 ug earbachol, p=0.01;
6.4 ng carbachol, p<0.005; both measures, WMPSRT).
Atropine injeetions rcduced the already-very-low postir-
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Fig. 5. Median time spent at the woter spaut in a 0.5-h
periad after an intracranial dose af carbachol (3.2 ar 6.4 pg)
atrapine sulfate (1.6pg) or vehicle control injectians. Carbachal
increased the time spent drinking, even after expasure ta 600 rads
Ca, Atropine caused a decrease in the time spent at the spout.
Variance measures are the semi-interquartile range.

Aviation, Space, and Environmental Medicine * March, 1986 253



RADIOGENIC HYPODIPSIA REVERSAL—MICKLEY & STEVENS

radiation levels of water intake (p=0.013, sign test)
and time at the water spout (p=0.013, sign test).
A comparison of these drug effeets before and after
irradiation suggests that, although both carbachol’s and
atropine’s respective hyperdipsic and hypodipsie effeets
were  slightly  diminished  postexposure, this decline
was not a statistically significant one.  Clearly, after
irradiation, carbachol (a muscarinic cholinergic agonist)
retains its ability to produce drinking in hypodipsic rats
and atropine (a muscarinic cholinergic antagonist) can
continue to cause a reduction in drinking.

DISCUSSION

Whole-body irradiation at 600 rads ®Co produced a
deerease in water consumption during the first 5 d after
exposurc. Since a rcduction in drinking has been. in
part, associated with decreased brain muscarinic recep-
tor activity, these behavioral data from Experiment
I could suggest a radiogenic cholinergic disruption.
For example, other studies have revealed a long-
term radiation-induced increase in acetyleholinesterase
(5) and, after high doses of radiation, a stimulation
of high-affinity choline uptake (15). However, the
data from Experiment 2 suggest that, alter lower
doses of radiation, pharmuacological manipulation of
hypothalumic muscarinic receptors in irradiated animals
produces behavioral responses essentially similar to
those observed in sham-irradiated subjects.  Afier
irradiation, intraeranial carbachoi continued to produee
a voracious drinking response in all subjects. Within a
minute of the injection, rats increased their locomotor
activity slightly and soon thereafter began drinking.
Rats drank almost continuously for 15-20 min. These
findings confirm the results of other experiments which
have demonstrated the role of muscarinic receptors in
the production of drinking (for review sce 7,8,28). In
addition, these experiments suggest that the muscarinic
acetylcholine receptors which mediate drinking remain
lunctional after Co irradiation.

Obscrvation of behavioral ehanges following artificial
pharmacological activation and blockage of rceeptors
is only one method of uassessing the state of irradiated
cholinergic systems. Others have reported that
600 rads *Co does not significantly alter muscarinic
receptor binding for 4-QNB (quinicyclidinic 1-124 4-
iodobenzilate) in most rat brain areas (0).

Perhaps alterations in the function of other, non-
cholinergic, brain neurons might more fully explain
radiogenic hypodipsia.  For example, others have
reported that cholinergic brain neurons intcract with
angiotensin Il-containing neurons to produce thirst
(24). It may be that changes in these rclated, but
noncongruent, thirst-stimulating systems may produce
acute radiogenic hypodipsia.  Future studies should
addrcss these issues.
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Low concentrations of glucose induce cultured kidney epithelial cells (LLC-PK,) to produce
hexose transport proteins. We have investigated the effects of ionizing radiation on this induction
process in plateau-phase cultures. The induced production of hexose transporters, requiring ap-
proximately 6 to 9 days for complete expression, can be inhibited by irradiation during the first
4 days. After the fourth postinduction day, radiation sensitivity decreases with almost no radiation
effect on the induction of hexose transport apparent by the sixth day of the induction period. The
Dy value associated with the induction block is approximately 25 Gy, a value which is considerably
greater than that necessary to inhibit cell replication. Hexose transport, itself resistant to ionizing
radiation at doses in excess of 100 Gy, is sensitive to cycloheximide throughout the induction
period. The sensitivity to cycloheximide decreases during the last 2 days of the induction period,
approximately | day after the reduction in radiosensitivity. Based on these properties hexose
transport may be a convenient model for the study of radiation effects upon gene expression in
this cell line. © 1986 Academic Press, Inc.

INTRODUCTION

The construction of a successful model to address radiation effects on gene expression
has proved to be a difficult effort. Historically, in vitro models for the study of devel-
opment have involved rapidly proliferating cells such as HeLa cells (/, 2), murine
fibroblasts (3, 4), Novikoff hepatoma cells (5), chick embryo fibroblasts (6), and em-
bryonic myoblasts (7, 8). If ionizing radiation were used in these systems, radiation-
induced cell killing would quickly dominate the assay (9). The recent development,
however, of porcine kidney cells (LLC-PK;) which form differentiated epithelia in
vitro (10, 11) and show very little cell replication presents a possible solution (12).
Epithelial layers formed from these cells show aspects of proximal tubule function
such as sodium-coupled transport of phosphate and glucose (13-17). With only 2-
5% of the cells in the S phase, these cultures are extremely resistant to ionizing radiation
(12). Moreover, the cultures can be easily maintained in the confluent state for 2 to
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6 weeks, compatible with the long periods frequently required for the induction and
expression of genetic material in mammalian cells (/0).

Recently, we have shown that the sodium-coupled transport of glucose in these
cultures is regulated by the concentration of glucose in the growth medium (18, 19).
That is, cells shifted from a high to a low concentration of glucose respond by the
development of more glucose transporters (/8). This phenomenon, defined as up-
regulation, is fully reversible with the new steady state in glucose transport expressed
in approximately 6-9 days (I8, 19). Furthermore, up-regulation is independent of cell
replication, is completely expressed in cultures in the plateau phase, and is dependent
solely upon the concentration of glucose. When 5 mM glucose is used to induce
glucose transport in these cultures, a maximum increase in glucose transport of some
five- to sixfold is observed (18, 19). Although plateau-phase cultures can be maintained
for several weeks under this condition of low glucose, a modest increase in the rate of
cell death occurs (/9).

Previous studies have shown that down-regulation is unaffected by ionizing radiation.
However, doses in the range of 5-50 Gy significantly reduce the capacity of the epi-
thelium to up-regulate (/2). Since up-regulation requires up to 9 days for complete
expression and can be blocked by exposure to ionizing radiation, it is possible that
this increased transport requires a change in genetic expression. The inhibition of up-
regulation requires significantly higher doses of radiation than does the inhibition of
thymidine incorporation, but the clear demonstration of the independence of cell
replication and induced glucose transport is still necessary.

As a first step in the evaluation of this model system as a possible candidate for the
study of gene expression, we have examined radiation effects on cell replication and
sodium-coupled glucose transport during the process of up-regulation. The radiation
dose response and the time course of development of induced glucose transport can
be clearly separated from requirement for cell replication. Further, the time during
the induction periods when the induced glucose transport is sensitive to protein syn-
thesis inhibitor supports the notion that the expression of genetic material is a re-
quirement for the induction process.

MATERIALS AND METHODS

Cell culture. LLC-PK, (passages 190 to 220) (American Type Tissue Culture Collection, Bethesda, MD)
were grown in Dulbecco’s modified Eagle’s medium (M. A. Bioproducts, Walkersville, MD) containing 5
or 25 mAM glucose and supplemented with 2% fetal bovine serum (GIBCO, Grand Island, NY), 10% porcine
serum (GIBCO). 0.03% glutamine, 10 units/ml penicillin, and 10 ug/ml streptomycin. Cells were subcultured
as previously described (18) into wells (4 cm?) of cluster 12 plates (Costar, Cambridge, MA) and fed (1 ml)
three times a week. Cultures were confluent and formed domes on the fourth day after subculture.

Flux measurements. Concentrating capacity (ratio of the intracellular concentration of the sugar to its
extracellular concentration) of ['“C]-a-methyl glucoside (AMG) was measured as previously described (/8,
19). In short, cells were washed prior to the experiment with phosphate buffer saline (PBS) containing 0.1
mM AMG and raffinose (which serves as an extracellular marker) to remove residual glucose, then incubated
on a mechanical shaker at room temperature with the same solution containing labcled AMG and ratfinose
until a steady state is achieved. At the end of the incubation period, the epithelia were washed using ice cold
PBS, solubilized in Triton X 100, and sampled for scintillation counting of the labeled AMG. Cell volume
was measured using the nonmetabolizable sugar ['*C]-3-O-methyl glucose (30M) that does not accumulate
in these cells.
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Thymidine incorporation. Thymidine incorporation measurements were done as previously described
using the cold chase technique (/2). In some experiments the radiolabeled thymidine was left on the culture
continuously. In these cases the lowest specific activity possible, usually 0.05 uCi/ml, was used.

Autoradiography. Cells were incubated with labeled thymidine 0.05 uCi/ml continuously for the appropriate
time. Prior to the autoradiography, nonincorporated labeled thymidine was chased as described earlier (12).
The epithelia were then trypsinized and spread over a microscope slide using a Cytospin centrifuge (Shandon
Elliott). Cells were then immediately fixed using acetic acid 1:3 with methanol. The slides were refrigerated
until the emulsion was applied. Nuclear Track Emulsion 111 (Kodak) was applied and exposed for 5 days at
4°C. After exposure, slides were developed and stained with thiazine/xanthine dye (Diff-Quik). Cells labeled
with eight or more grains were scored as positive for thymidine incorporation; results were tallied as number
of positives over total number counted.

Radiation. Epithelia were irradiated with v radiation at the ®Co radiation facility at Armed Forces Ra-
diobiology Research Institute (AFRRI) as previously described (12). The dose rate at doses up to 5 Gy was
0.5 Gy/min, and 10 Gy/min for doses higher than that.

Material. ["*C]-AMG, 30M, and [*H]raffinose and thymidine were obtained from New England Nuclear.
Unlabeled AMG and 30M were from CalBiochem (La Jolla, CA). Other chemicals were of the highest
purity available from commercial sources. The data points illustrated in figures are means and standard
deviations determined from three wells. Results of representative experiments are shown.

RESULTS AND DISCUSSION

The demonstration that the induction of glucose transporters is sensitive to ionizing
radiation while glucose transport per se is not (/2) invoked interest in evaluating
whether this system might be useful as a model to study the effects of ionizing radiation
on gene expression. An important point in these studies is that the sugar transport
measurements are made in cultures in the plateau phase. There is very little cell rep-
lication and hence little radiation-induced cell killing (12). To illustrate this point,
irradiated and nonirradiated epithelia were photographed 7 days after the radiation
exposure. The morphologies of the cultures shown in Fig. 1 are virtually indistinguish-
able. The induction of a new glucose transport state, however, requires more than 6
days to develop. Even a modest rate of cell replication may be significant over this
somewhat lengthy period. It is therefore necessary at the outset to show that the ab-
rogation by radiation of the expression of increased glucose transport is not simply a
byproduct of reproductive cell death. To address this issue the following set of exper-
iments was performed, comparing properties associated with cell division with those
of transport of AMG, a nonmetabolizable sugar.

Since it has been established that 6-9 days are required to effect the new steady
state in glucose transport (12, 19), cell replication and DNA synthesis were observed
during this period in replicate cultures. As can be seen from the data presented in Fig,
2, 80% of the control cells in the culture incorporate tritiated thymidine during 8 days.
For cultures irradiated with a dose of 50 Gy, only about 20% of the cells have the
capacity to accumulate thymidine. Under these same conditions of irradiation the
AMG transport continues to increase to greater than 50% of control value (72). These
data suggest that the radiation dose response for cell replication may differ significantly
from the radiation dose response for induced AMG transport. For a routine assay of
proliferation, the incorporation of thymidine per milligram protein was measured and
found to be in good agreement with the autoradiographic data for [*H]thymidine
uptake. The data presented in Fig. 3 show that the rate of uptake of thymidine into
control cultures closely paralleled that which was observed for individual cells through
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FIG. 1. Phase contrast photomicrograph of epithelial cells before (left) and 7 days after exposure to 50 Gy
(right) v radiation. X140.
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F1G. 2. Percentage of cells labeled as a function of time after irradiation. Fourteen-day-old epithelia were
either left unirradiated (®) or irradiated with a dose of 50 Gy administered at a rate of 10 Gy/min (4). After
the irradiation, thymidine remained in the medium (0.05 xCi/ml) for the entire period of the assay. Results
shown are the fraction of cells labeled as determined by autoradiography (500 cells/point). Error bars represent
1 SD.
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FIG. 3. Accumulative thymidine incorporation into irradiated (A) and nonirradiated (®) epithelia. Epithelia
were irradiated after 2 weeks of culture; conditions of irradiation were the same as for Fig. 2. Thymidine
remained in the medium (0.05 pCi/ml) for the entire period of the assay. Arrows indicate times at which
the growth media was replenished. Error bars, shown when they are larger than the symbol, represent 1 SD.

the use of autoradiography. The close correlation between autoradiography and thy-
midine incorporation was also seen for cultures irradiated at a dose of 50 Gy.

Using thymidine uptake as an indicator of cell replication, the radiation dose response
for thymidine uptake was compared with the dose response of AMG transport. For
these experiments, epithelia were grown to confluency in 25 mM glucose and were
either switched to the inducing level of glucose (5 mAf) or left at the noninducing
level (25 mM). Epithelia were then irradiated and after 7 days scored for their capacity
to concentrate AMG. AMG uptake in the noninduced cultures was unperturbed by
radiation up to a dose of 100 Gy, demonstrating the resistance to irradiation of the
transport process per se. The dose-response curve for induced transport, however,
showed a threshold dose of approximately 3 Gy and an approximate Dy of 25 Gy. In
contrast, the data in Fig. 4 show that thymidine uptake decreased below 50% of control
values at 2 Gy, a dose of radiation that produced no measurable decrement in the
induced transport of AMG.

To test whether the target for this radiation effect is present during the entire in-
duction period, a radiation dose sufficient to reduce inducible AMG uptake by 50%
was administered at various times through the induction period. The resulting time
course, shown in Fig. 5, identified three phases of the induction period. Categorized
by their relative sensitivity to irradiation the three phases are (a) a period of maximum
radiosensitivity, days 1-4; (b) a period of decreasing effect occurring between Days 4
and 6 of the induction period; and (c) a refractory period observed 6-7 days into the
induction period.

For comparison, Fig. 6 shows the uptake of thymidine following an exposure of 50
Gy administered into cells either switched from 25 to 5 mA/ or left in 25 mA/ glucose.
Unlike induced AMG transport, the residual incorporation of thymidine showed no
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F1G. 4. Dose-response curves for thymidine uptake and either induced or steady-state AMG transport.
Epithelia grown for 14 days in 25 mA/ glucose were irradiated and either switched to 5 mAf glucose (®) or
left in 25 mM glucose (A) for an additional 7 days. Epithelia were then scored for AMG uptake (®, A) or
the ability to incorporate thymidine (). Error bars, shown when they are larger than the symbol, represent
1 SD.

dependence on the time course of the induction period or on the glucose concentration
employed.

Given that (a) the interruption or cessation of DNA synthesis does not correlate
well with the block of expression of the new glucose-transport state (Figs. 3, 5, 6) and
(b) the direct inhibition of glucose transport per se requires radiation doses in excess
of those required to block the induction of the new transport state (Fig. 4), it is rea-
sonable to ask whether protein synthesis, an obvious requirement for gene expression,
1s required for this induction process. If the synthesis of specific protein(s) is required,
a protein synthesis block of short duration administered at a critical time within the

800 [+ - —
700}
600
500

400/

[AMG] i,/ TAMGI gyt

300b)L ..& I
2001 —

100~
1 2 3 4 5 6 7
Treatment Day,
days after switch in glucose

FIG. 5. AMG uptake 7 days after the induction of increased hexose transport. Epithelia 2 weeks of age
were switched from medium containing 25 mAf to medium containing 5 mAf glucose (O) or left in 25 mAM
glucose (®). Epithelia were irradiated with 50 Gy on the days indicated on thc x axis. Error bars represent
1 SD.
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FIG. 6. Cumulative thymidine incorporation into cells irradiated and assayed at 24-h intervals. Epithelia
were irradiated and switched from 25 mAf glucose to 5 mM glucose on Day O (®) or left in medium
containing 25 mM glucose (4). Other conditions are as described for Fig. 3.

period of induction should show significant effect. In addition, the inhibition of protein
synthesis may provide another means of distinguishing between thymidine incorpo-
ration and induced AMG uptake.

To answer this question, protein synthesis was stopped by an 8-h application of
cycloheximide (2 ug/ml in the appropriate growth medium), this treatment given at
various times after the ““down-shift” in the concentration of glucose. Figure 7 describes
the results of the AMG uptake measured 8 days after the “down-shift” in glucose
concentration. There appear to be two distinct phases to the kinetics of this phenom-
enon. When the cycloheximide was administered more than 5 days after the induction,
the increase in AMG uptake that was observed was dependent upon the schedule of
the treatment. An 8-h inhibition of protein synthesis less than 5 days after the induction
produced a maximal inhibition. Similar results were obtained when the length of the
block was increased to either 14 or 22 h (data not shown). These results are consistent
with an essential requirement for protein synthesis for the full expression of the in-
creased transport of AMG. Demonstration of the efficacy of the protein inhibition,
shown in Fig. 8, confirms that protein synthesis was reduced by an order of magnitude
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F1G. 7. Effect of an 8-h application of cycloheximide on inducible AMG uptake. Cycloheximide (2 ug/
ml) was applied to cultured epithelia for 8 h on the days indicated on the x axis; one treatment per epithelium.
Epithelia were grown to confluency in 25 mAf glucose and then switched to 5 mM glucose (®) or left in 25
mAf glucose (A). Assay for AMG uptake was performed on Day 8.
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FIG. 8. Effect of an 8-h application of cycloheximide on protein and DNA synthesis. Incorporation of
radiolabeled leucine (A, A) or radiolabeled thymidine (®, O) was measured as a function of time for cultures
incubated either in the presence (O, A) or in absence (®, 4) of cycloheximide. Incorporation is shown as
percentage of incorporation in control cultures.

by the cycloheximide treatment. The data further show that thymidine incorporation
recovered quickly after the removal of the cycloheximide, another indication of the
independence of thymidine uptake and the induction of AMG uptake.

CONCLUSION

This work differentiates the abrogation by ionizing radiation of the expression of
an induced metabolic change from the radiation effect on cell replication. This induced
change, a sevenfold increase in the capacity of cultured porcine kidney cells (LLC-
PK) to transport glucose, was inhibited by ionizing radiation under conditions that
excluded radiation effects on cell replication. The following pieces of evidence show
a clear separation between the expression of induced glucose transport and the dis-
ruption of DNA synthesis: widely disparate radiation dose responses, differences be-
tween the percentage of cells impaired in their proliferative function and those impaired
in their transport capacity, and differences in kinetics and coupling to protein synthesis.
To distinguish the effect of ionizing radiation on the regulation of glucose uptake from
the effect on cell replication, we used epithelia formed from plateau-phase cultures of
LLC-PK; cells. These epithelia exhibited a very low turnover rate: only 80% displayed
tritium labeling after 8 days of continuous incubation in [°’H]thymidine. This labeling
was sensitive to ionizing radiation at doses far less than those which were required to
inhibit glucose transport. AMG uptake per se was only moderately impaired at doses
of ionizing radiation as high as 200 Gy. However, the induced change in AMG uptake
was halved by an exposure to 50 Gy when that exposure was timed to produce its
greatest effect. More specifically, an exposure 4 days or less after the induction always
maximally impaired the induced change. whilc cxposing epithelia at later postinduction
times caused less impairment. Exposures 6 days after induction had little effect on the
AMG uptake. Unlike this time-dependent change in AMG uptake, the incorporation
of radiolabeled thymidinc was maximally impaired within minutes of the exposure
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and any residual incorporation increased not in a step-function but monotonically
throughout the assay period.

The notion that inhibition of the up-regulatory phenomenon by radiation is due to
the effect of radiation on gene expression is strongly supported by the effects of blocking
protein synthesis on the same process. As shown in Fig. 7, when the protein synthesis
inhibitor cycloheximide is applied to the cells in the same time frame as the radiation
challenge with respect to the switch from 25 to S mM glucose in the growth medium,
a similar time course for inhibition 1s obtained. In fact, these time courses differ only
in that the induction process appears to remain sensitive to an inhibition of protein
synthesis as radiosensitivity is lost. These findings are consistent with the notion that
radiation impairs the expression of the new state of glucose transport and demonstrate
that this inhibition stems neither from direct impairment of the glucose transport
process nor is a sequela of the disruption of DNA synthesis.
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MoORAN, A., J. S. HANDLER, AND M. HAGAN. Role of cell
replication in regulation of Na-coupled hexose transport in LLC-
PK, epithelial cells. Am. J. Physiol. 250 (Cell Physiol. 19):
C314-C318, 1986.—The glucose concentration in growth me-
dium has been shown to regulate the number of sodium-coupled
glucose transporters in LLC-PK,; epithelial cells. Epithelia
grown in high concentrations of glucose express fewer trans-
porters than epithelia grown in low concentrations of glucose.
In the present work, the effect of a dose of ionizing radiation
sufficient to block the incorporation of thymidine was examined
in order to gauge the importance of cell replication in the
hexose transport regulatory process. The low rate of thymidine
incorporation in the plateau phase was completely eliminated
by ionizing radiation. Under conditions of irradiation that
completely blocked thymidine incorporation, down-regulation,
namely the loss of a-methylglucoside-concentrating capacity,
brought about by switching the epithelium from low to high
glucose-containing medium, is independent of the irradiation
and therefore most likely is also independent of cell replication.
In contrast, the up-regulatory phenomenon is strongly impaired
by radiation. This impairment may be due to specific radiation
impairment of gene expression necessary for the up-regulatory
process. It is apparent from the dose-response data that up-
regulation is not inhibited by irradiation in a simple manner
and is not inhibited at the same radiation dose as cell replica-
tion.

radiation; thymidine incorporation

EPITHELIAL CELLS IN CULTURE are, in general, used for
the study of both the regulation of cell function and the
action of hormones on cells (10, 11). LLC-PK,, a cell
line commonly used for these investigations, grows to
confluency by forming a continuous epithelium (12, 20).
Furthermore, this cultured epithelium shows properties
of normal epithelia in vivo, e.g., polarity of plasma mem-
brane components {14, 15, 26, 27) and the maintenance
of proximal tubule functions such as sodium-coupled
transport of glucose and phosphate (1, 3, 4, 6, 7, 16-18,
20, 25). LLC-PK, cells have also been shown to respond
to hormones such as vasopressin, suggesting that this
cell line possesses not only the transport system but also
the regulatory responses relevant to renal epithelia (2,
23, 24).

Recently, we have shown that the sodium-coupled
glucose transport in LL.LC-PK, cells is regulated by the
glucose concentration in the growth medium (18). When

C314

compared with cells grown in medium containing 25 mM
glucose, cells grown in medium containing 5 mM glucose
have an increased number of sodium-coupled phlorizin-
binding sites (18). The observed difference resulted nei-
ther from cell selection from a heterogeneous population
nor from a difference in cell density. The trigger for the
regulatory process was shown to be the concentration of
glucose in the growth medium rather than a factor se-
creted into or depleted from the medium. Furthermore,
although the regulatory process is fully reversible, it is
not a direct outcome of the interaction between the
carrier and the substrate (19).

Measurements of glucose transport are routinely per-
formed in confluent cultures in the plateau phase of cell
growth. Under the assumption that cells are no longer
dividing at this stage, the role of cell replication has not
been explicitly considered. To evaluate the role of cell
replication, we have examined the effect of ionizing
radiation on cell replication and the regulation of glucose
transport. Since ionizing radiation affects cell replication
at doses of a few gray (Gy) and 10-100 Gy (1 Gy = 100
rads) are required to alter membrane permeability (8), a
region of radiation doses quite useful for studying hexose
transport while eliminating cell replication should exist.
We show that the regulatory mechanism can be divided
into two distinct components: the down-regulatory proc-
ess {cells shifted from low- to high-glucose-containing
media, thus losing their concentrating capacity) is not
affected by irradiation, while the up-regulatory process
(cells shifted from high- to low-glucose-containing me-
dia, thus increasing their capacity to accumulate glucose)
is inhibited by ionizing radiation.

MATERIALS AND METHODS

Cell culture. LLLLC-PK, cells obtained from American
Type Culture Collection were grown as previously de-
scribed (18). Briefly, stock cells were grown in 10-cm-
diameter tissue culture dishes (Costar, Kennebunk, ME).
Cells in 2- to 3-wk-old cultures were trypsinized (0.25%
trypsin in phosphate-buffered saline, PBS) and subcul-
tured (1:10). The cells for the experiment were grown in
12-well clusters (Costar). Most experiments were done
at 2 wks when the cell layer was confluent and at steady
state with respect to the number of cells in the well and
the a-methylglucoside-concentrating capacity [the ratio
between the intracellular and the extracellular concen-
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tration of a-methylglucoside (AMG) in a steady-state
situation] (18).

Uptake measurements. AMG uptake at a steady state
was studied as previously described (17). Cell water was
determined by measuring the uptake of the nonmetabo-
lizable sugar 3-O-methyl-D-glucose, which is not carried
on the sodium-coupled glucose transporters in these cells
(20). Concentrating capacity was defined as a ratio be-
tween the AMG concentration in the cell and in the
incubation medium at steady state.

Thymidine incorporation measurements were made as
follows: the cells were incubated with complete medium
containing 10 uCi/ml [*'H]thymidine (78 Ci/mmol) (New
England Nuclear, Boston, MA) for 0.5 h in the incubator
(37°C and 5% CO,). Following the incubation, the me-
dium was aspirated, and the cells were rinsed with PBS.
The cells were further incubated with medium containing
0.1 mM unlabeled thymidine for another hour in the
incubator to chase by competition the remaining un-
bound [*H]thymidine (22). At the end of the chase period,
the cells were washed with PBS, and the cells were
solubilized using 0.5% Triton X-100 in water. Samples
for radioactivity and protein determinations were then
taken. Efflux of AMG was measured as previously de-
scribed (18).

Irradiation. Cells were irradiated in the *Co vy-radia-
tion facility at the Armed Forces Radiobiology Research
Institute. The cells were exposed to doses of up to 5 Gy
with a dose rate of 0.50 Gy/min. Above 5 Gy the dose
rate employed was 10 Gy/min. No significant differences
were found when 5 Gy were given in either of the two
dose rates (data not shown).

Materials. [*C}JAMG, 3-O-[methyl-*H}-methyl-D-glu-
cose, [*H]raffinose (an extracellular marker), and [*H]-
thymidine were obtained from New England Nuclear.
Unlabeled raffinose and 3-O-methyl-D-glucose were from
Cal Biochem (La Jolla, CA). Other chemicals were of the
highest purity available from commercial sources. The
data points illustrated in the figures are the mean and
standard deviation determined from three samples. Re-
sults of representative experiments are shown.

RESULTS

To observe the effect of ionizing radiation on prolif-
eration, cultures were incubated for 30 min in the pres-
ence of [*H]thymidine. Although used extensively, this
use of DNA synthesis as an estimate of cell replication
was developed largely for fibroblasts (5, 22). For fibro-
blast cultures in the plateau phase, the incorporation of
thymidine is typically reduced to 2% with respect to the
same cells grown in log phase (9, 13). In contrast, studies
of epithelial cultures in the plateau phase have shown
that the incorporation of thymidine is only reduced to
10% with respect to the same cells in log phase (1, 28; A.
Moran, unpublished observation). Since nonspecific
trapping of radiolabeled thymidine may be a problem
during acid precipitation, we used a period of incubation
in 1 X 107* M thymidine to clear the radiolabel from
cellular pools.

Figure 1 shows that exposure to unlabeled thymidine
to terminate the labeling period yielded a very sensitive
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FIG. 1. Thymidine incorporation into epithelial cells grown in media
containing 5 (filled triangles) or 25 (filled circles) mM glucose as a
function of time after subculture. Arrows indicate feeding times. A
difference of 200 times is seen between peak of log phase and lower
point at plateau phase. Note no significant difference between thymi-
dine incorporation of epithelial cells grown in medium containing 5 or
25 mM glucose.

measurement of the incorporation of thymidine. With
this technique, the ratio of thymidine incorporation in
the log phase to that measured in the plateau phase was
between 30 and 200. The low rate of thymidine incorpo-
ration could still represent cell replication that plays an
important role in the regulatory response, since these
epithelia are tested more than 7 days after switching the
glucose concentration in the growth media. In plateau-
phase cultures, cell replication was affected by the feed-
ing schedule (Fig. 1). No significant difference in repli-
cation was observed between cells grown in medium
containing 25 mM glucose and cells grown in medium
containing 5 mM glucose.

When plateau-phase cultures were exposed to ionizing
radiation, the residual incorporation of thymidine was
significantly reduced. Data presented in Fig. 2 show that
DNA synthesis markedly decreased after exposure to a
dose of 1-30 Gy. A dose of ~10 Gy reduced thymidine
incorporation by nearly one order of magnitude. For the
studies that follow, a dose of 50 Gy was used to reduce
cell replication to negligible values. As confirmation, Fig.
3 shows thymidine incorporation in cells in the plateau
phase with and without 50 Gy of y-radiation. While
there was measurable incorporation of thymidine into
nonirradiated cells, the levels shown for irradiated cul-
tures were indistinguishable from background. Once
again the results were the same for cells grown in 5 or
25 mM glucose. Thus, although thymidine incorporation
may result from processes other than cell replication, the
absence of incorporation clearly indicates the absence of
cell replication.
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FIG. 2. Radiation dose response of thymidine incorporation into
epithelial cells grown in media containing 5 (filled triangles) or 25 (filled
circlesy mM glucose 4 days after y-radiation. Cells were grown for 2 wk
in respective media before radiation. Note that effect of radiation on
thymidine incorporation is same for epithelia grown in media contain-
ing 5 and 25 mM glucose. Inset depicts data more accurately for
radiation doses up to 10 Gy (only 25 mM glucose is shown).
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FIG. 3. Thymidine incorporation into LLC-PK; cells grown in me-
dia containing 5 (open triangles, filled triangles) or 25 (open circles,
filled circlesy mM glucose prior to measurement, shown as a function
of days after subculture. One-half of cultures were irradiated (filled
triangles, filled circles) on day 17 with 50 Gy. Arrows indicate feeding
time.

Although the incorporation of thymidine was unaf-
fected by growth in 5 or 25 mM glucose, the striking
effect on AMG uptake was evident, as shown in Fig. 4.
Uptake of AMG by cells grown in 25 mM glucose was
unaffected by radiation doses up to 200 Gy, but doses of
radiation above ~5 Gy markedly reduced the AMG-
concentrating capacity of cells grown in 5 mM glucose.
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FIG. 4. a-Methylglucoside (AMG) uptake as a function of radiation
dose at 7 days after irradiation. (Radiation effect on the AMG uptake
was qualitatively same from 1st day of irradiation, with maximum
effect observed on 7th day.) LLC-PK; cells were grown for 14 days in
medium containing 5 (filled circles) and 25 (open triangles) mM glucose.
While cells grown in 5 mM glucose were markedly affected, no change
was observed when epithelia grown in 25 mM glucose were irradiated.
Inset depicts percent of control accumulative capacity (filled circles)
and thymidine incorporation (open circles) as a functicn of radiation
dose in cells grown in 5 mM glucose.

The efflux of AMG was affected neither by radiation nor
by the concentration of glucose in the growth medium
(data not shown).

The effect of irradiation on the down-regulation of the
AMG-concentrating capacity by high glucose concentra-
tion in the growth medium is depicted in Fig. 5. The cells
were grown for 8 days in medium containing 5 mM
glucose. On the 8th day of culture, they were divided into
two groups. The first group was irradiated with 50 Gy,
and the second group was not irradiated. To examine
down-regulation, one-half of the cultures were left in
medium containing 5 mM glucose, while the rest were
switched to medium containing 25 mM glucose. Over a
period of ~8 days, epithelial cells switched to 25 mM
glucose expressed a reduced capacity to concentrate
AMG; 50 Gy of y-radiation had no effect on this process.
The concentrating capacity of the cells left in the original
low-glucose medium continued to increase, reaching a
plateau value on the 16th day of culture. In contrast, the
AMG-concentrating capacity of the irradiated cells left
in the original low-glucose medium briefly continued to
increase but subsequently decreased to ~50% of the value
reached by nonirradiated epithelial cells.

In an inverse experiment to study up-regulation, de-
picted in Fig. 6, one-half of the cultures grown in 25 mM
glucose were switched to medium containing 5 mM glu-
cose. Here, there was a marked difference between the
irradiated and nonirradiated cells. The concentrating
capacity of the irradiated cells also increased, but the
plateau level attained was less than one-half of that
achieved by the nonirradiated cells. As in Fig. 4, 50 Gy
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FIG. 5. Effect of radiation on down-regulation of a-methylglucoside-
concentrating capacity. LLC-PK, cells were grown in medium contain-
ing 5 mM glucose for 8 days and then switched into medium containing
25 mM glucose (open diamonds, filled diamonds). Epithelia not irradi-
ated and left in same medium containing 5 mM glucose (open circles)
continued to increase their concentrating capacity before leveling off.
Irradiated cells (filled diamonds, filled circles) left in medium containing
5 mM glucose (filled circles) increased their concentrating capacity for
a while before it fell. No significant difference was observed in concen-
trating capacity of cells switched to high glucose-containing medium,
regardless of dose of irradiation (arrow indicates day of irradiation).
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FIG. 6. Effect of radiation on up-regulatory process. LLC-PK, cells
were grown in 25 mM glucose for 8 days before being switched to
medium containing 5 mM glucose (open squares, filled squares). Non-
irradiated cells (open squares) continued to increase their capacity after
switch. The irradiated cells (filled squares) reached only about one half
value reached by the nonirradiated cells. As in Fig. 4, no change in a-
methylglucoside-concentrating capacity was observed for the cells left

in medium containing 25 mM glucose (open triangles, filled triangles)
(arrow indicates day of irradiation).

of vy-radiation did not affect the AMG-concentrating
capacity of cells that remained in 25 mM glucose.
DISCUSSION

In the present work, we have examined the effects of
ionizing radiation on cell replication and the regulation
of sodium-coupled hexose trasport in LLC-PK, epithelial
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cells. This was done in an effort to study the dependence
of the regulation of glucose transport on cell replication.
As these cultures grew from log phase to plateau phase,
the amount of thymidine incorporation decreased mark-
edly with some fluctuation related to the schedule of
feeding (refer to Fig. 3). Epithelial cells in plateau phase
were exposed to ionizing radiation. The dose response
for this effect showed a marked decrease in thymidine
incorporation with radiation dose; incorporation ap-
proached background for doses >10 Gy. After exposure
to a test dose of 50 Gy, irradiated epithelial cells showed
virtually no capacity for thymidine incorporation. It is
important to add that after exposure to radiation doses
as high as 200 Gy, these monolayers form domes, metab-
olize glucose, and remain morphologically indistinguish-
able (as assessed by phase-contrast microscopy) from
nonirradiated controls.

While cell division was practically stopped by radia-
tion, sodium-coupled hexose transport was less pro-
foundly affected. This disparity provided a tool to sepa-
rate hexose transport regulation that may be coupled to
cell replication from that which is not. In this regard, a
clear difference was seen between the down-regulatory
and up-regulatory processes. The down-regulation was
independent of the fact that the cells were irradiated,
suggesting that this regulation process and cell division
are independent. The fact that in the down-regulated
cells no difference was seen between the AMG uptake by
irradiated and nonirradiated cells indicates that radia-
tion per se did not impair AMG uptake. The absence of
a radiation effect on AMG efflux or the steady-state
AMG concentration provided further evidence for the
independence of AMG transport per se and cell prolif-
eration. In contrast to the downward regulatory process
and AMG transport, the upward regulation was strongly
affected by vy-radiation. The irradiated cells achieved
only about one-half of the AMG-concentrating capacity
achieved by the nonirradiated cells, regardless of whether
the epithelia were switched from medium containing 25
to 5 mM glucose or maintained in 5 mM glucose through-
out. There are at least two possible reasons for the effect
of radiation on the AMG-concentrating capacity of the
up-regulating cells: 1) the process of up-regulation
strongly depends on cell replication, and only cells ca-
pable of dividing will respond to the low concentration
of glucose in the growth medium; 2) radiation causes
additional changes in the cells, independent of cell divi-
sion, which prevent the expression of the upward regu-
latory process.

The fact that thymidine incorporation approached
zero after a radiation dose of 10 Gy indicates that it is
unlikely that residual proliferation could account for the
remaining up-regulatory effect. As radiation is known to
affect the protein synthesis mechanism directly (7), al-
beit at much higher doses than those used for this study,
it is possible that the impairment of the up-regulatory
process resulted from reduction in the concentration of
some factor, the absence of which will stop the increase
in the AMG-concentrating capacity. Support for such a
notion can be obtained from observing the effect of
radiation on epithelial cells grown in medium containing
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5 mM glucose and left in the same medium after irradia-
tion. Cells grown in medium containing 5§ mM glucose
normally continue to develop their AMG-concentrating
capacity for ~16 days. However, cells irradiated on day
8 and left in medium containing 5§ mM glucose continue
to develop for only a short while and then decrease their
AMG-concentrating capacity. It is more likely that the
radiation impairs the synthesis of a new protein but the
impairment is expressed only after a few days, meanwhile
allowing a short-term increase in the AMG-concentrat-
ing capacity. At this time little (if anything) is known
about the time scale of the synthesis of the hexose
transporter or the number of protein subunits involved.

This work represents the first step in determining
whether the induction of sodium-coupled hexose trans-
port can be used as an effective model for the study of
radiation effects on gene expression.
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ABSTRACT

Exposure of rat brain synaptosomes to ethanol in vitro reduced
the neurotoxin-stimulated uptake of 2?Na*. This effect of ethanol
was concentration-dependent, occurred with concentrations of
ethanol achieved in vivo and was fully reversible. The inhibitory
effect of ethanol on neurotoxin-stimulated sodium uptake was
due to a decrease in the maximal effect of the neurotoxins.
Ethanol reduced the rate of batrachotoxin-stimulated sodium
uptake when measured at 3, 5 and 7 but not 10 or 20 sec after
the addition of ?Na*. In a series of aliphatic alcohols, there was
a good correlation between potency for inhibition of batracho-

toxin-stimulated ?Na* uptake and the membrane/buffer partition
coefficient, suggesting that a hydrophobic site in the membrane
was involved in the action of the alcohols. Ethanol did not affect
the scorpion venom-induced enhancement of batrachotoxin-
stimulated sodium uptake. The inhibitory potency of tetrodotoxin
was also unaffected by ethanol. These results demonstrate that
ethanol has an inhibitory effect on neurotoxin-stimulated sodium
influx occurring in voltage-sensitive sodium channels of brain
tissue.

The exact mechanisms by which ethanol causes depression
of the CNS and the subsequent behavioral manifestations of
intoxification remain undefined. In recent years, a great deal
of research has focused on the effects of ethanol on the physical
properties of artificial and biological membranes (Seeman,
1972; Goldstein et al., 1980). Through the use of techniques
such as electron paramagnetic resonance (Chin and Goldstein,
1977a) and fluorescence spectroscopy (Harris and Schroeder,
1981), it has been demonstrated that pharmacologically rele-
vant concentrations of ethanol in vitro cause disordering of
membrane lipids as inferred from the measurements of the
properties of molecular probes inserted into membranes. By
using a variety of molecular probes that insert at different
depths in the membrane, it has been shown that the fluidizing
effect of ethanol is greater at the hydrophobic inner core than
at the superficial membrane surface (Chin and Goldstein, 1981;
Harris and Schroeder, 1981). This is somewhat surprising be-
cause ethanol is a relatively small, neutral, hydrophilic mole-
cule. )

Further evidence that membrane disordering is involved in
the intoxicating effects of ethanol has been based on a number

Received for publication April 20, 1984.
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of Sciences/National Research Council.

of studies that have provided genetic (Goldstein et al., 1982),
pharmacological (Lyon et al, 1981) and temporal (Chin and
Goldstein, 1977b) correlations between in vivo effects and the
membrane disordering effect of ethanol in vitro. However,
because the magnitude of membrane lipid disordering by
ethanol is relatively small (Chin and Goldstein, 1977a), it is
probable that membrane-mediated biological responses would
involve functional entities in membranes. Consequently,
ethanol would be expected to interact directly or indirectly with
these entities, so that alterations in the functional properties
of membrane proteins may also play an important role in the
changes in neuronal activity and synaptic function associated
with ethanol-induced depression of the CNS. Alterations in
lipid fluidity are known to influence the activities of membrane
proteins (Lenaz, 1977) and this may represent a mechanism by
which the lipid disordering effect of ethanol could be translated
into the biochemical and behavioral effects of ethanol.

In the present study, a basic functional unit related to neu-
ronal excitation was investigated with respect to its possible
involvement in the actions of ethanol on the brain. An impor-
tant mechanism in the control of neuroexcitability is the reg-
ulation of ion movements at the level of the excitable mem-
brane. Using the squid giant axon, Hodgkin and Huxley (1952)
demonstrated that the changes in membrane voltage associated
with an action potential were due to a transient increased

ABBREVIATIONS: CNS, central nervous system; TTX, tetrodotoxin; BTX, batrachotoxin; VER, veratridine; ScV, sco?,:;on veao;n; HEPES, 52

hydroxyethyl)-1-piperazineethanesulfonic acid.
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permeability to sodium followed by an increased permeability
to potassium, Apparently, separate channels are utilized by
sodium and potassium ions (Hille, 1970; Ulbricht, 1977). The
inward movement of sodium ions during excitation occurs
through voltage-sensitive sodium channels. The sodium chan-
nels that traverse the excitable membrane are composed of
complex glycoproteins with multiple polypeptide subunits and
contain three distinct receptor sites for various neurotoxins
(Catterall, 1980). One receptor site, thought to be located on
the extracellular side of the channel (Narahashi, 1966), binds
the specific inhibitors saxitoxin and TTX which inhibit the
inward movement of sodium (Ritchie and Rogart, 1977). The
second neurotoxin receptor site binds the lipid soluble toxins,
BTX and VER, which cause persistent activation of sodium
channels by blocking the process of channel inactivation and
by shifting the voltage-dependence of channel activation to
more negative membrane potentials. The third neurotoxin re-
ceptor binds small polypeptide toxins present in sea anemone
and ScVs. The polypeptide toxins slow channel inactivation
and also enhance the effects of BTX and VER. Because the
neurotoxins hind to their receptor sites with high affinity and
specificity, they have been widely used as chemical tools to
study the structure and functional properties of voltage-sensi-
tive sodium channels in a variety of excitable membranes
(Narahashi, 1974; Catterall, 1982).

We have studied the effects of ethanol in vitro on the func-
tional properties of voltage-sensitive sodium channels in whole
rat brain synaptosomes. lon flux measurements were used as
an estimate of sodium (**Na*) ion permeability to assess the
function of synaptosomal sodium channels.

Methods

Animals and ehemieals. Male Sprague-Dawley rats (200-400 g)
were obtained from Charles River Breeding Laboratories, Inc. (Wil-
mington, MA) and were housed two per cage with free access to water
and standard laboratory chow before being used for the experiments.
Chemicals and suppliers were as follows: ScV (Leiurus quinquestriatus),
TTX and VER from Sigma Chemical Co. (St. Louis, MO): carrier-free
*NaCl from New England Nuclear (Boston, MA). BTX was kindly
supplied by Dr. John Daly (National Institute of Arthritis, Metabolism
and Digestive Diseases, National Institutes of Health, Bethesda, MD).
All other chemicals were obtained from commercial sources and were
of analytical grade.

Preparation of synaptosomes. A crude synaptosomal (P,) fraction
was prepared by a modification of the method of Gray and Whittaker
(1962). Rats were decapitated and the whole brains were removed and
homogenized in ice-cold 0.32 M sucrose and 5 mM K,HPO,, pH 7.4
(10 ml/g wet wt.), with 10 strokes of a motor-driven Teflon-glass
homogenizer. The homogenate was then centrifuged at 1000 X g for 10
min. The resulting supernatant was then centrifuged at 17,000 X g for
60 min. The final pellet was resuspended in ice-cold incubation buffer
(8-10 ml/brain) containing (millimolar): KCl, 5.4; MgSO,, 0.8; glucose,
5.5; HEPES-Tris (pH 7.4), 50; and chotine chloride, 130. Ten strokes
of a loose fitting glass-glass homogenizer were used to resuspend the
final pellet. Synaptosomes were kept on ice and were used immediately
after preparation.

Measurement of **Na* uptake. Synaptosomal sodium uptake was
determined by a modification of the method of Tamkun and Catterall
(1981). Aliquots (50 pl) of the synaptosomal suspension were preincu-
bated at 36°C for 2 min, except in the time course experiments, with
incubation buffer or incubation buffer containing the indicated concen-
tration of ethanol. Immediately after the preincubation with ethanol,
the indicated concentration of activator toxin (BTX or VER) was
added and the samples were incubated for 10 min at 36°C. After 10
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min the samples were diluted with a solution containing (final concen-
tration) the indicated concentration of toxin (millimolar): KCI, 5.4;
MgSO0;, 0.8; glucose, 5.5, HEPES-Tris (pH 7.4), 50; choline chloride,
128; NaCl, 2; ouabain, 5; and 1.3 uCi of carrier-free ??NaCl per ml and
the indicated concentration of ethanol. After a 5-sec incubation (except
where noted), uptake was terminated by the addition of 3 ml of an ice-
cold wash solution containing (millimolar): choline chloride, 163;
MgSO0;, 0.8; CaCly, 1.8; HEPES-Tris (pH 7.4), 5; and bovine serum
albumin, 1 mg/ml. The mixture was filtered rapidly under vacuum
through an Amicon 0.45-um cellulose filter (Amicon, Lexington, MA)
and the filters were washed twice with 3 ml of wash solution. The entire
halt-filter-wash cycle took less than 10 sec to complete. The filters
were placed in scintillation vials, 15 ml of scintillation cocktail were
added and filter radioactivity was determined by liquid scintillation
spectrometry. The data are presented as corrected specific uptake after
subtraction of nonspecific uptake (TTX, 1 uM present in incubation
and uptake buffers).

Data analysis. Double reciprocal analysis of the data was performed
as described by Catterall (1975) using a modified Michaelis-Menton
equation of the form:

v=VA/(Kos + A)

where v is the uptake rate at various activator toxin concentrations A,
Vis maximal uptake rate and K5 is the apparent dissociation constant
of the activator toxin. Statistical analysis was performed using Stu-
dent’s t test for paired samples. Multiple comparisons with a control
were done by analysis of variance and Dunnett’s test (1964).

Other methods. Drug concentrations in the aqueous and membrane
phases were calculated as described by Lyon et al. (1981). The mem-
brane/buffer partition coefficients were derived from the data of
McCreery and Hunt (1978). Solutions of ScV were prepared according
to Catterall (1976). A stock solution of BTX was prepared in absolute
ethanol and aliquots were diluted in the appropriate buffer. The final
concentration of ethanol in the assay from the addition of BTX was
never greater than 0.13 mM. Protein concentrations were determined
by the method of Lowry et al. {1951). Bovine serum albumin was used
as the protein standard.

Results

Preincubation of whole brain synaptosomes with ethanol in
vitro caused a concentration-dependent inhibition of BTX-
stimulated *’Na* uptake (fig. 1). Over the concentration range
of ethanol used, the reduction in **Na* uptake was a linear
function of the concentration of ethanol (r = —0.95). The
inhibitory effect of ethanol occurred at pharmacologically rel-
evant concentrations of ethanol and was fully reversible when
ethanol was removed from the sample by washing and centrif-
ugation (fig. 2). Neither the nonspecific (1 pM TTX present)
nor the passive, unstimulated (no toxins present) uptake of
*Na* were affected by ethanol in vitro (data not shown).

The effects of ethanol on *Na* uptake were also studied over
a range of concentrations of the alkaloid toxins BTX and VER.
There was a 6-fold increase in synaptosomal sodium uptake
when the concentration of BTX was raised from 0.1 to 5 uM.
Ethanol (100 and 400 mM) inhibited **Na* uptake in synap-
tosomes exposed to more than 0.1 uM BTX (fig. 3). When VER
was used to activate sodium channels and promote *’Na* up-
take, a similar effect of ethanol was observed, as shown in
figure 4. In order to assess indirectly the interaction of ethanol
with the channel receptor site for BTX and VER, we performed
a double reciprocal analysis of concentration-effect curves for
BTX- and VER-stimulated **Na* uptake in the absence (con-
trol) and presence of two concentrations of ethanol (100 and
400 mM). The data from the double reciprocal analysis are
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Fig. 1. Concentration-effect curve for inhibition of BTX-stimulated *Na*
uptake. Triplicate samples of whole brain synaptosomes were preincu-
bated for 2 min with the indicated concentration of ethanol followed by
a 10-min incubation with 1 uM BTX. Symbols represent the means +
S.E.M., N = 5 experiments. The corrected specific uptake of ??Na* during
a 5-sec period is shown on the ordinate. The concentration of ethanol is
shown on the abscissa, log scale. *P < .01 (Dunnett's test) compared
to uptake measured in the absence of ethanol. prot., protein.
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Fig. 2. Reversibility of the inhibitory effect of ethanol on BTX-stimulated
“Na* uptake. After a 2-min preincubation with ethanol, one-half of the
samples were centrifuged (1000 X g for 5 min), washed and resuspended
in incubation buffer. BTX (1 M) was added, samples were incubated at
36°C for 10 min and ??Na* uptake was measured as described. The
data are expressed as the means = S.E.M., N = 4 experiments. The
corrected specific uptake of ?Na* is shown on the ordinate. The con-
centration of ethanol is shown on the abscissa. *P < .01 (Dunnett’s test)
compared to uptake in control samples.
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summarized in table 1. When sodium channels were activated
by BTX, ethanol acted as a noncompetitive inhibitor as the
maximum uptake of Na* was reduced with no change in the
concentration of BTX required for 50% of maximum uptake
(Kos). The effects of ethanol on VER-stimulated ??Na* uptake
are somewhat more difficult to interpret. Clearly, ethanol sig-
nificantly reduced the maximum effect of VER. In addition,
ethanol reduced the K, ; values for VER but the difference from
control was not significant.

The time courses for ?Na* uptake with 1 uM BTX alone
and with 1 uM BTX plus 200 mM ethanol are illustrated in
figure 5. In the presence of ethanol, the BT X-stimulated uptake
of *Na* was significantly reduced at uptake times of 3, 5 and
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Fig. 3. Effect of ethanol on concentration-effect curve for BTX-stimulated
2Na* uptake. Synaptosomes were preincubated with buffer only or
buffer containing ethano!l (100 and 400 mM) for 2 min. The indicated
concentration of BTX was added and samples were incubated for an
additional 10 min and ®Na* uptake was measured for 5 sec as described
under “Methods.” Symbols represent the means =+ SEM.,, N = 6
experiments. *P < .05; **P < .01 (Dunnett's test) compared to corre-
sponding controi. prot., protein.

7 sec, but not at 10 or 20 sec. Thus, the effect of ethanol on
“Na* uptake is an inhibitory effect on the initial rates of **Na*
uptake. We were unable to measure *’Na* uptake at uptake
times shorter than 3 sec with acceptable precision. The results
in table 2 demonstrate that the duration of the preincubation
period with ethanol was not an important determinant of the
inhibitory effect of ethanol. An ethanol concentration of 200
mM reduced the specific uptake to 77.2, 79.3, 74.5 and 77.4%
after 0, 0.5, 2 and 10 min, respectively. Thus, the onset of
action was immediate and was unchanged over the time periods
studied.

The effect of increasing lipid solubility on potency for inhi-
bition of BTX-stimulated *Na* uptake was studied for a series
of aliphatic alcohols. Membrane-buffer partition coefficients
were used to calculate the concentration of each alkanol that
would result in a similar molar concentration in the nonagqueous
(membrane) phase (Lyon et al, 1981). Concentration-effect
curves were constructed for each alkanol as percentage of
control uptake vs. log of the alkanol concentration. Linear
regression analysis was used to determine the correlation coef-
ficients, slopes and the concentration of alkanol that inhibited
control uptake by 50% (IC;,). These values are shown in table
3. For each alkanol tested, the reduction in ?Na* uptake was a
linear function of the concentration of alkanol.

The ICs, and membrane/buffer partition coefficient values
for each alkanol were plotted on a log-log scale (fig. 6). There
was a good correlation (r? = 0.997) between the two parameters,
indicating that the ability to partition into a hydrophobic region
of the membrane was an important determinant of the potency
for inhibition of BTX-stimulated *Na* uptake.
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Alkalod Toxin Ethanol Conc. N v Kos* & ..-:—;?" .
. -
mM nmol{mg protein/5 sec uM CEJ) - fl"":!"
BTX 0 6 643+027° 0430 0.024 - > /!
BTX 100 6 484 +0.15° 0.439 + 0.042 o ’ |
BTX 400 6 409+010° 0431+0022 ) : bl |
VER 0 4 462022 9.33+£0.70 £ 3
VER 100 4 330+029°  7.83+094 E |
VER 400 4 2.50 £ 0.12* 6.58 + 0.63 w
“ Values for maximum uptake (V) and Kos were calculated using a modified x l
Michaelis-Menton equation as described under "Methods.” <
° Values are means + S.E.M. N = number of experiments. E u|
* Significantly different from control, P < .01. =)
+
ScV alone does not promote sodium influx. However, ScV ©
enhances alkaloid toxin-stimulated *?Na* uptake, presumably g
by an allosteric mechanism (Catterall, 1980; Tamkun and Cat- & i
terall, 1981). The effect of ethanol on the ScV-BTX interacticn 10 14 18 22 26 a0

is shown in figure 7. In control samples, ScV at concentrations
of 1 and 10 pg/ml increased BTX-stimulated *?Na* uptake hy
26.5 = 1.6 and 62.5 + 1.7%, respectively. In the presence of
ethanol, a similar enhancement of BTX-stimulated **Na* up-
take was noted (1 ug/ml, 27.3 + 3.8; 10 ug/ml, 54.2 + 3.8%).
Thus, ethanol does not have a significant effect on the allosteric
interaction of ScV and BTX.

The effect of ethanol on the inhibition of BTX-stimulated
“*Na* uptake by TTX is shown in figure 8. An ethanol concen-
tration of 200 mM did not affect the potency of the specific
inhibitor TTX. The concentration of TTX necessary for a 50%
reduction in BTX-stimulated *Na* uptake in control samples
was 12.72 + 0.61 nM. In the presence of ethanol, a similar value
(12.60 + 0.59 nM) was measured.

Discussion

Incuhation of synaptosomes with ethanol in vitro caused a
significant inhibition of the initial rates of neurotoxin-stimu-
lated sodium uptake. This effect of ethanol was concentration-

UPTAKE TIME (sec)

Fig. 5. Effect of ethanol on the time course of BTX-stimulated 2Na*
uptake. Synaptosomes were preincubated with buffer only or buffer
containing ethanol (200 mM) for 2 min. BTX (1 uM) was added and
samples were incubated for an additional 10 min and #Na* uptake was
measured for the indicated time. Symbols represent the means + S.E.M.,
N = 5 experiments. ‘P < .05; **P < .01 (paired t test) compared to
corresponding control. prot., protein.

TABLE 2

Etffect of preincubation time with ethanol on inhibition of BTX-
stimulated *Na* uptake; duration of preincubation®

0 min 0.5 min 2.0min 10 mn
Control 472+ 035° 482+039 522+0.17 465+025
3.64 +0.39° 3.82+0.38" 3.89+020" 3.60+021

Ethanol, 200 mM

“ Refers to the duration of preincubation of tissue with buffer or buffer containing
ethanol (200 mM) before the addition of BTX (1 uM).

° Values are means + S.E.M., N = 3 experiments, units are nanomoles of 22Na*
per milligram of protein per 5 sec.

* Significantly different from corresponding control, P < .01.
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TABLE 3

Effects of aliphatic alcohols in vitro on BTX-stimulated *Na* uptake

Alconol Pm/b* ICa® Siope® o

Ethanol 0096 5828518 -71.1x72 0.980
Propanol 0438 1040x136 -728+x69 0.983
Butanol 1.52 359+54 -65.1+92 0993
Pentanol 5.02 6.6 +0.6 -559+x66 0940
Hexanol 214 1.2+006 -60.0+96 0936

* Membrane/buffer partition coefficient (Pmp) values are from McCreery and Hunt
(1978).

®Values are the means + S.E.M., N = 4-8 experiments. In each experiment,
three or four concentrations of each alkanol were tested. ICso, the concentration
of each alcohol necessary to reduce control BT X-stimulated uptake by 50%. Values
were derived from linear regression analysis of percentage of control uptake vs.
log [alkanol].
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Fig. 6. Correlation of the inhibitory potency of aliphatic alcohols on BTX-
stimulated ??Na* uptake with their membrane/buffer partition (Ps) coef-
ficient. The concentration of each alcohol that inhibits BTX-stimulated
#2Na* uptake by 50% (ICso, millimolar) is presented on the ordinate. The
P.uS are shown on the abscissa. The number above each symbol
represents the chain length of the alcohol: 2, ethanol, 3, n-propanol; 4,
n-butanol; 5, n-pentanol; and 6, n-hexanol. The line was fit by linear
regression analysis with a correlation coefficient, r? = 0.997. See table
3 for details.
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Fig. 7. The effect of ethanol in vitro on the BTX-ScV interaction. An
aliquot of synaptosomes was preincubated for 2 min with buffer (control)
or buffer containing ethanol. The indicated concentrations of BTX and
ScV were added and ?Na* uptake was measured as described. The
units of concentration for ScV and BTX were micrograms per milliliter
and micromolar, respectively. The data are presented as the means *
S.E.M., N = 4 experiments.
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dependent, occurred with pharmacologically relevant (50 mM)
concentrations of ethanol and was fully reversible when ethanol
was removed from the system. In addition, there was a good
correlation between potency for inhibition of BTX-stimulated
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Fig. 8. Effect of ethanol on the inhibition of BT X-stimulated ??Na* uptake
by TTX. Triplicate samples of whole brain synaptosomes were preincu-
bated for 2 min with buffer (control) or with buffer containing ethanol.
The indicated concentration of TTX was added and 3 min later BTX (1
uM) was added and all samples were incubated for an additional 10 min.
Symbols represent the means + S.E.M., N = 4 experiments. Maximum
uptake for control and ethanol samples was 6.50 = 0.13 and 4.33 =
0.13 nmol of ®Na* per mg of protein per 5 sec, respectively.

22Na* uptake and the membrane/buffer partition coefficients
for a series of aliphatic alcohols, suggesting that a hydrophobic
area of the sodium channel microenvironment was involved in
the action of the alkanols. Inasmuch as the neurotoxin-stimu-
lated uptake of sodium was blocked by the specific inhibitor
TTX with a Kos of approximately 13 nM, it appears that the
neurotoxin-stimulated sodium uptake that was inhibited by
ethanol occurred through voltage-sensitive sodium channels in
synaptosomes (Catterall, 1980). Our results with ethanol are
consistent with the work of Harris (1984) which showed that a
variety of intoxicant anesthetics agents reduced neurotoxin-
stimulated sodium uptake.

In the CNS, ionic channels for calcium, potassium and so-
dium are involved intimately in the control of excitability and
each plays an essential role in signal transduction and infor-
mation processing (Catterall, 1984). At the present time, the
structural and functional properties of the voltage-sensitive
sodium channels are understood most completely. This is due
in part to the existence of a variety of neurotoxins that can be
used as tools to study the sodium channel (Narahashi, 1974).
In this regard, BTX has been defined as a full agonist (Catterall,
1980; Tamkun and Catterall, 1981) because it activates a larger
number of sodium channels and is also more potent (Ko s value
is smaller) than the partial agonist VER.

There appeared to be slight differences in the effect of
ethanol when different neurotoxins were used to stimulate
sodium uptake. When BTX was used to stimulate sodium
uptake, the maximum effect of BTX was reduced by ethanol
with no change in the K5 value. Also, the minimum effective
concentration of ethanol was 50 mM and the concentration of
ethanol required for 50% inhibition (ICs,) was approximately
583 mM. VER-stimulated sodium uptake was more sensitive to
inhibition by ethanol because the minimum effective concen-
tration of ethanol was 26 mM and the IC;, value was approxi-
mately 345 mM (Mullin and Hunt, 1984). Ethanol reduced the
maximum effect of VER and there was also a clear trend toward
reducing the K, ; value of VER. It would be desirable to perform
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more experiments with VER to investigate further this point,
but during the course of this study VER became unavailable
commercially. Even though it is well known that BTX and
VER compete for the same binding site in the channel (Catter-
all, 1975), the mechanism by which each neurotoxin stimulates
sodium uptake may be slightly different because of other prop-
erties of the toxins (Miller, 1983; Tanaka et al., 1983).

The action of ethanol on the voltage-sensitive sodium chan-
nels in synaptosomes appears to be somewhat selective for the
site that binds BTX and VER. Ethanol did not interfere with
the allosteric interaction that occurred between BTX and ScV.
Similarly, the presence of ethanol did not alter the concentra-
tion of TTX required to inhibit BTX-stimulated sodium uptake
by 50%. However, it must be noted that these findings concern-
ing the effects of ethanol on neurotoxin receptor sites [ (TTX)
and III (ScV) are based on indirect measurements. Direct
measurement using radiolabeled neurotoxins should clarify
these points.

Recent studies with fluorescent derivatives of sodium chan-
nel neurotoxins (Angelides and Nutter, 1983, 1984) in conjunc-
tion with published biochemical evidence (Hartshorne and
Catterall, 1981, 1984; Ellisman et al., 1982) have advanced our
knowledge of the molecular arrangement of the functional
components of the sodium channel. Angelides and Nutter
(1984) have proposed a model wherein the TTX binding site
resides in a highly polar, hydrophilic area at the extracellular
side of the membrane. The binding site for ScV may be located
in a more hydrophobic region that is not lipid in nature and
may extend 15 A into the cell membrane. The final neurotoxin
receptor site (for BTX and VER) is placed in a hydrophobic
area directly interacting with the subunit of the channel and
the interior of the lipid bilayer. Thus, in this model, the BTX/
VER binding site is located in the area of the membrane in
which the fluidizing effect of ethanol is greatest (Harris and
Schroeder, 1981). An explanation for the observed effects of
ethanol on neurotoxin-stimulated sodium uptake may involve
changes in the fluidity of the neuronal membrane as a number
of other membrane perturbants inhibit sodium uptake with
potency for inhibition of sodium uptake being related to lipid
solubility (Harris, 1984). Ethanol may alter the arrangement
of membrane lipids or hydrophobic proteins in a specific area
of the sodium channel microenvironment. In addition, disrup-
tion of important lipid-protein interactions by ethanol may
result in suboptimal conditions that would adversely affect
sodium channel function. Further studies of sodium channel
function in systems in which the lipid and protein components
are more tightly controlled may answer some of these questions.

It is difficult to determine how important the effect of ethanol
on sodium channels is to the intoxicating effect of ethanol, In
this study and that of Harris and Bruno (1985), an ethanol
concentration of 50 to 100 mM was required to produce a
significant inhibitory effect. Previous work from our laboratory
demonstrated that an ethanol concentration of 25 mM which
is commonly achieved in vivo and is associated with moderate
intoxication was sufficient to cause a significant inhibition of
VER-stimulated ?Na* uptake (Mullin and Hunt, 1984). Addi-
tionally, it appears that brain regions differ in sensitivity to
this effect of ethanol (Harris and Bruno, 1985).

We have used an ion flux assay to study the effects of ethanol
on sodium channel function in synaptosomes in which electro-
physiological methods are not practical. Because it is necessary
to use toxins to activate the sodium channels, one must consider

Vol. 232

the possibility that ethanol is interfering with the binding of
the toxins to their receptors in the channel. This could explain
the results we have presented. This question is currently under
study in our laboratory using radiolabeled toxins.
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Summary: The survival-enhancing capabilities of particulatc (P) and soluble (F)
glucan, a B-1,3 polyglycan biological response modificr, wcre assayed in ©Co
irradiated mice. Although glucan-P was slightly more effective than glucan-F,
both glucans significantly enhanced survival in otherwise lethally irradiated (9.0—
11.0 Gy) CsH/HeN mice. Following 9.0 Gy, 60% of thc glucan-P treated and
53% of the glucan-F treated mice exhibited long-term survival as opposed to 0%
of the radiation control mice. The survival-enhancing effects of glucan-P and
glucan-F decreased as the radiation dose increased to 11.0 Gy. At higher radiation
doses (e.g., 12.0 Gy) neither glucan preparation was capable of enhancing sur-
vival. Both glucan-P and glucan-F enchanced the recovery of peripheral blood
white cell numbers, platelet numbers, and hematocrit values. In addition, both
agents increased endogenous pluripotent hemopoietic stem cell numbers in sub-
lethally irradiated mice. Taken together, these results demonstrate that both glu-
can-P and glucan-F can significantly enhance survival in lethally irradiated mice.
However, these agents appear to function specifically by cnhancing hemopoietic
recovery and are not effective at radiation doses also known to induce gastroin-
testinal damage. Key Words: Biological response modificrs—Glucan—Hemo-
poiesis—Polyglycans—Radioprotection

Hemopoietic and immune depression is a well-documented phenomenon following
chemotherapy and/or radiotherapy (1,2). In particular, irradiation has been shown to
predispose animals to a variety of potentially lethal exogenous and endogenous op-
portunistic pathogens (2-8). Thus, treatments to combat hemopoietic and immune
depression and/or the secondary consequences of hemopoietic and immune depression
are of primary clinical concern.

Glucan is a B-1,3 polyglycan biological response modifier (BRM) that is isolated
from the yeast Saccharomyces cerevisiae. Following the administration of glucan to
mice, rats, dogs, and primates, a variety of enhanced reticuloendothelial, immune,
and hemopoietic responses have been observed. For example, glucan administration
is associated with macrophage activation, increased reticuloendothelial system activ-
ity, and stimulated humoral- and cell-mediated immune responses (9—12). Glucan
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treatment also enhances hemopoiesis at the stem cell level in normal mice (13-15)
and even enhances hemopoietic recovery in sublethally irradiated mice when admin-
istered either before or after the radiation insult (16-19). Probably because of its
ability to stimulate reticuloendothelial, immune, and hemopoietic responses, glucan
has also proven useful at enhancing host resistance to a variety of experimentally
induced bacterial (20-23), fungal (24,25), viral (22,26), and parasitic (27,28) disease
states.

Because septicemia is a common lethal secondary consequence of irradiation in
doses sufficient to damage the immune and hemopoietic systems, we investigated
the possibility that glucan might be able to enhance survival in irradiated mice. In
these particular studies the survival-enhancing capabilities of both particulate and
soluble glucans were evaluated.

MATERIALS AND METHODS

Mice

In all experiments 10-12-week-old female C;H/HeN mice, obtained from Charles
River Laboratories (Wilmington, MA, U.S.A.), were used. Animals were maintained
on a 6:00 a.m.—6:00 p.m. light—dark cycle. Wayne Lab Blox and hyperchlorinated
water were available ad libitum. All mice were quarantined and acclimated to lab-
oratory conditions for 2 weeks before experimentation. During this time, the mice
were examined and found to be free of lesions of murine pneumonia complex, murine
hepatitus virus, and oropharyngeal Pseudomonas sp.

Glucans

Particulate glucan (glucan-P) was obtained from Accurate Chemical and Scientific
Corporation (Westbury, NY, U.S.A.) and was prepared according to DiL.uzio’s mod-
ification (29) of Hassid’s original procedure (30). Stock glucan-P preparations con-
tained 1- to 2-pum glucan particles suspended in sterile saline at a concentration of 5
mg/ml. Glucan-P was further diluted in sterile saline, and 1.5 mg in a volume of 0.5
ml was intravenously injected into experimental mice via the lateral tail veins. Soluble
glucan (glucan-F) was obtained from Dr. N. R. DiLuzio (Tulane University Medical
Center, New Orleans, LA, U.S.A.) and was prepared as described by Diluzio et al.
(29). Stock glucan-F preparations contained 10 mg of soluble glucan per ml of sterile
saline. All mice were intravenously injected with 0.5 ml of the stock glucan-F (i.e.,
5.0 mg). In some experiments 5.0 mg (in a 0.5 ml volume) of three other soluble
B-1,3 polyglycan BRMs were also intravenously injected into mice. These agents
consisted of Krestin (PSK), Schizophyllan (SPG), and mannan-R, which were gen-
erously provided by Dr. P. Jacques (Catholic University of Louvain, Brussels, Bel-
gium). Table 1 provides additional information on each of these polyglycan BRMs.
Control mice were injected with 0.5 ml of sterile saline. The Limulus lysate assay
was used to ensure that all polyglycan preparations were free from endotoxin con-
tamination.

Irradiation

Bilateral total body irradiation from the AFRRI ¢Co source at a dose rate of 0.4
Gy/min was used in all experiments.

J. Biol. Response Mod., Vol. 5, No. 1, 1986
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TABLE 1. Biological and physical characteristics of one particulate and four
soluble B-1,3 polyglycans

Biological Molecular Commercial
Compound Solubility source Structure weight source
Glucan-P No Saccharomyces  B-1,3 glucan (1-2 pm Accurate Chemical
cerevisiae B-1.6 glucan particle) & Scientific
Co., Westbury,
NY, U.S.A.
Glucan-F Yes  S. cerevisiae B-1.,3 glucan 10 X 103 —
Krestin Yes  Coriolus B-1.4 glucan 1 X 10° Kureha Chemical
versicolor B-1,3 glucan Co., Tokyo,
B-1,6 glucan Japan
(25-38% protein)
Mannan-R Yes Rhodotorulum B-1,3 mannan = —
rubrum B-1.4 mannan
Schizophyllan Yes  Schizophyllum  B-1,3 glucan 5 X 108 Kaken Co.,
commune B-1,6 glucan Tokyo, Japan
media

Survival Measurements

Mice used in survival studies were exposed to various doses of total-body irradia-
tion, and their survival was checked daily for a period of 30 days.

Endogenous Spleen Colony-Forming Unit Assay

Endogenous spleen colony-forming units (E-CFU) were evaluated by the method
of Till and McCulloch (31). Mice were exposed to doses of 6.5, 7.0, 7.5, 8.0, or
8.5 Gy of total-body irradiation to partially oblate endogenous hemopoietic stem
cells. Ten days after irradiation, the mice were killed; their spleens were removed
and fixed in Bouins’s fixative; and the number of grossly visible spleen colonies were
counted.

Peripheral Blood White Cell Counts, Platelet Counts, and
Hematocrit Determinations

Mice were ether anesthetized and bled from the retroorbital sinus. White blood
cell counts and platelet counts were performed by collecting 20 wl of blood into a
calibrated capillary tube, dispensing it into 1.98 ml of ammonium oxalate diluent
(Unopettes, Becton-Dickinson, Rutherford, NJ, U.S.A.), and counting white blood
cells and platelets on a hemocytometer. Hematocrits were used as an indicator of red
blood cellularity.

Statistical Analyses
The Kruskal Wallis test was used to compare 30 day survival levels in polyglycan-

treated versus control irradiated mice. The Student’s ¢ test was used to analyze E-
CFU and spleen weight data.

J. Biol. Response Mod., Vol. 5, No. 1, 1986
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FIG. 3. Effccts of glucan-P and glucan-F on survival in C;H/HeN mice exposed to 10.0 Gy *Co
irradiation 1 day after glucan injections. Cumulative survival data were calculated from 47 radiation
control mice, 48 glucan-P-trcated micc (p = 0.01), and 49 glucan-F-treated mice (p < 0.01).

RESULTS

Dose Response of Radiation-Induced Mortality

Prior to undertaking studies to compare the radioprotective abilities of soluble and
particulate glucans, it was necessary to establish a radiation dose response mortality
curve for the mouse strain used in these experiments. Figure 1 illustrates a probit
plot of 30 day cumulative mortality in normal C;H/HeN mice exposed to increasing
doses of %Co radiation. As can be seen, mice that had been exposed to radiation
doses less than 7.0 Gy rarely died (<1% mortality), whereas, >99% of mice that
had been exposed to radiation doses greater than or equal to 9.0 Gy died. Because
we were interested in evaluating the ability of glucan to alter radiation-induced mor-
tality in a “‘worse case” scenario, radiation doses 9.0 Gy were used in all subsequent
survival studies.

Effects of Glucan-P and Glucan-F on Radiation-Induced Mortality

To determine whether glucan-P and glucan-F could enhance the survival of other-
wise lethally irradiated mice, mice were injected with glucan-P, glucan-F, or sterile
saline 24 h before exposure to 9.0, 10.0, 11.0, or 12.0 Gy of °Co radiation. The
cumulative 30-day survival data from these experiments are presented in Figs. 2-5,

J. Biol. Response Mod., Vol. 5, No. 1, 1986
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FIG. 4. Effccts of glucan-P and glucan-F on survival in C;H/HeN mice exposed to 11.0 Gy “Co
irradiation 1 day after glucan injections. Cumulative survival data werc calculated from 51 radiation
control mice, 49 glucan-P-treated mice (p < 0.05), and 50 glucan-F-treated mice.

respectively. When either glucan-P or glucan-F was injected prior to a 9.0, 10.0, or
11.0 Gy irradiation, survival was significantly increased above that of radiation
controls. This effect was radiation dose-dependent, in that a greater enhancement
was observed after a 9.0 Gy exposure than after a 10.0 Gy exposure; and a greater
enhancement was seen after a 10.0 Gy exposure than after an 11.0 Gy exposure. In
addition, at each radiation dose examined, glucan-P consistently provided slightly
better protection than did glucan-F. When the radiation dose was increased to 12.0
Gy, neither glucan-P nor glucan-F enhanced survival.

Effects of Various Glucan Injection Schedules on Radiation-Induced Mortality

To investigate whether glucan-mediated radioprotection might be further enhanced
by manipulating the time of glucan administration, mice were injected with glucan-
P at either 5 days, 2 days, or | day prior to a 9.0 Gy exposure of ©Co. The results
of these studies are presented in Fig. 6. As can be seen, day — 2 glucan-P admin-
sitration was less effective than day —1 glucan-P administration, and day — 5
glucan-P administration offered no radioprotection. Experiments testing the ability
of multiple glucan-P treatments to further enhance the radioprotection of glucan-P
were also performed (Fig. 7). Multiple glucan-P treatments were ineffective at further
enhancing survival; and, in fact, they appeared to provide even less protection than
did a single glucan-P injection administered 1 day prior to radiation exposure.

J. Biol. Response Mod., Vol. 5, No. I, 1986
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FIG. 5. Effects of glucan-P and glucan-F on survival in C;H/HeN mice exposed to 12.0 Gy *Co
irradiation 1 day after glucan injections. Cummulative survival data were calculated from 46 radiation
control mice, 49 glucan-P-treated mice (NS), and 49 glucan-F-treated mice (NS). NS, not significant.

Effects of Other Polyglycans on Radiation-Induced Mortality

To distinguish whether the survival-enhancing effects provided by day — 1 glucan
treatments were unique to glucan or were a general property of B-1,3 polyglycan
BRMs, two soluble B-1,3 glucan-containing BRMs (PSK and SPG) and one soluble
B-1,3 mannan-containing BRM (mannan-R) were injected 1 day prior to irradiation
and the survival-enhancing capability of these polyglycans compared with that pro-
duced by soluble glucan-F. Although none of these agents was as effective as glucan-
F at enhancing survival, the two agents containing B-1,3 glucan were somewhat
protective and the agent containing B-1,3 mannan was not at all effective at enhancing
survival (Fig. 8).

Hemopoietic Effects of Glucan-P and Glucan-F

Because glucan-P and glucan-F appeared to be radioprotective in the hemopoietic
syndrome dose range (e.g., 9.0-11.0 Gy) but not at higher radiation doses, which
also affect the gastrointestinal tract (e.g., 12.0 Gy), experiments were performed to
assay the ability of glucan-P and glucan-F to enhance hemopoietic recovery. Spe-
cifically, the endogenous spleen colony-forming assay was used to assay the ability
of these two BRMs to protect and/or enhance the recovery of pluripotent hemopoietic
stem cells in irradiated mice. Glucan-P and glucan-F were administered 1 day prior

J. Biol. Response Mod., Vol. 5, No. I, 1986
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TABLE 2. Effect of glucan-P and glucan-F on peripheral blood parameters in 9.0 Gy irradiated mice

Day post 9.0 Gy irradiation

1 2 3 6 8 10 13 15 17 20 24 30
Number of white blood cells (x 10%/mm? peripheral blood
Radiation 1,595.0 + 260 2,273.0 + 352 73.0 + 37 0.0 0.0 0.0 0.0 0.0 0.0 — — —
control
Glucan-P 550.0 = 168 403.0 = 132 0.0 0.0 0.0 37.0 = 18 73.0 = 36 183.0 = 97 366.0 = 160 623.0 = 200 935.0 = 386 1,595.0 = 386
Glucan-F  1,833.0 £ 223 503.0 = 130 37.0 = 30 0.0 0.0 0.0 0.0 37.0 = 18 73.0 £ 36 165.0 = 45 1,110.0 = 309 1,335.0 = 368
Hematocrit (%)
Radiation 40.7 = 0.3 40.2 £ 05 38206 332x+05307+0821.0x09 62+16 4804 50=10 - — —
control
Glucan-P 42.7 £ 0.9 380+ 1.5 363=x07 273 £222.7+09 187 +09140+30 103 £38 13752 193 =35 36020 385 £ 1.5
Glucan-F 41.0 = 1.5 400+ 10 357 £27 347 +27260+10160=10 56=03 72=+03 86=09 112+ 13 260+ 1.0 313 £ 23
Number of platelets (X 10%)/mm? peripheral blood
Radiation 1,099.0 = 94  795.0 = 40 679.0 = 127 295.0 £ 57 29.0 + 3 2.0 =+ 1 1.0 £ 1 50«3 7.0 x£2 — — —
control
Glucan-P 476.0 = 22 3080 =6 173.0 £ 18 1003 50 =1 401 1509 360=5 46.0 £ 19 740 £ 20  209.0 = 30 247.0 = 38
Glucan-F 950.0 + 47 872.0 £ 50 824.0 =13 2750 +97 150+ 9 3.0 = | 20 %1 15.0 = 7 270 £ 9 3.0 £ 10 120.0 = 30 187.0 = 41
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FIG. 6. Effects of time of glucan-P administration on survival in C;H/HeN mice irradiated with 9.0
Gy %°Co. Cummulative survival data were calculated from 59 radiation controls, 43 mice treated at day
—1 (p = 0.01), 39 mice treated at day — 2 (p = 0.05), and 43 mice treated at day — 5 (NS). NS, not
significant.

to various sublethal radiation exposures (6.5-8.5 Gy) and the number of E-CFU was
determined (Fig. 9). At each radiation dose examined, both glucan-P and glucan-F
significantly increased E-CFU numbers above radiation control values; glucan-P,
however, was more stimulatory than was glucan-F. A similar phenomenon was
observed when the spleen weights of these animals were examined (Fig. 10). When
recovery of peripheral blood white cell counts, platelet counts, and hematocrit values
were examined, mice treated with glucan-P and glucan-F prior to a 9.0 Gy radiation

exposure also exhibited accelerated recovery of these hemopoietic parameters (Table
)}

Effects of Glucan-P and Glucan-F on Radiation-Induced Mortality When
Administered Postirradiation

Glucan-P and glucan-F were administered to mice 1 h after a 9.0 Gy radiation
exposure, and survival was monitored (Fig. 11). Glucan-F was still capable of slightly
enhancing survival when administered postirradiation. On the other hand, glucan-P
not only was not protective, but it actually induced death more rapidly than in radiation
control mice.

J. Biol. Response Mod., Vol. 5, No. 1, 1986
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FIG. 7. Effects of multiple glucan-P injections on survival in C;H/HeN mice irradiated with 9.0 Gy
®Co. Cummulative survival data were calculated from 51 radiation control mice, 38 mice treated at day
=1 (p = 0.01), 40 mice treated at day —2 and —1 (p < 0.05), 43 mice treated at day — 5 and — 1
(NS), 41 mice treated at day — 5 and — 2 (NS}, and 40 mice treated at day —5, —2, and — 1 (NS).
NS, not significant.

DISCUSSION

We have previously demonstrated that glucan-P can enhance the survival of mice
if administered prior to a 9.0 Gy dose of ®°Co radiation (18). The studies presented
here have demonstrated the survival-enhancing capabilities of not only glucan-P but
also glucan-F in ®°Co-irradiated mice. The ability of these agents to enhance survival
was inversely related to the radiation dose. Survival enhancement was best in 9.0
Gy irradiated mice, and decreased as the exposure dose increased to 11.0 Gy. In
addition, glucan treatment was effective only in the hemopoietic-syndrome radiation
dose range since no radioprotection was observed following a 12.0 Gy radiation
exposure (which induces both significant hemopoietic and gastrointestinal injury) (8).
Both particulate and soluble glucan produced these survival-enhancing effects, with
glucan-P being somewhat more effective than glucan-F. Approximately three times
more glucan-F was required to produce effects similar to those produced by 1.5 mg
of glucan-P. Over the time course of these experiments, eight batches of glucan-P
and four batches of glucan-F were used. All required the respective 1.5 mg glucan-
P or 5.0 mg glucan-F doses and yielded consistent glucan-P and glucan-F responses.
The exact reasons for this difference in dosage are not known. However, soluble
glucan-F has a smaller molecular weight than particulate glucan-P, and thus the
effective dose of glucan-F in vivo may be reduced due to its ability to escape phago-
cytosis and/or be more rapidly cleared and excreted from the body.

J. Biol. Response Mod., Vol. 5, No. I, 1986
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FIG. 8. Effects of four soluble B-1.3 polyglycans on survival in C;H/HeN mice exposed to 9.0 Gy
®Co irradiation | day after polyglycan injections. Cumulative survival data were calculated from 73
radiation control mice. 45 glucan-F-treated mice (p = 0.01). 36 PSK-treated-mice (p = 0.05). 45 SPG-
trcated mice (p = 0.05), and 45 mannan-R-treatcd micc (NS). NS, not significant.

Interestingly, at doses of glucan-P and glucan-F up to 1.5 and 5.0 mg per mouse,
respectively, the survival-enhancing effects of glucan-P and glucan-F were dose-
related (M. L. Patchen, unpublished observations). However, at greater doses, ef-
fectiveness ot glucan-F could not be further increased, and effectiveness of glucan-
P could not be determined due to lethal side effects. In particular, intravenous doses
of glucan-P greater than 1.5 mg per mouse resulted in microemboli-induced lethality
(32). Additional attempts to increase the glucan-P dose by administering multiple
1.5 mg glucan-P injections did not further increase, and in fact appeared to decrease,
its survival-enhancing effects. Whether this phenomenon may be related to immu-
nological suppression, which has sometimes been observed after multiple high dose
injections of other BRMs, is not known at this time. However, a similar negative
effect of glucan-P on survival was also observed when even a single glucan-P injection
was administered 1 h postirradiation. In fact, in postirradiation glucan-P-treated mice
we have previously noted that as glucan-P doses increase to 1.5 mg per mouse, these
mice die progressively more rapidly than do radiation control mice (33). A similar
effect was not observed with glucan-F, which was even somewhat protective when
administered postirradiation. The mechanisms behind these differential effects of
glucan-P and glucan-F are currently being investigated in our laboratory.

The exact mechanisms by which preirradiation glucan-P and glucan-F administra-
tion enhance survival in otherwise lethally irradiated mice are still largely unknown.

J. Biol. Response Mod., Vol. 5, No. 1, 1986
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FIG. 9. Effects of glucan-P and glucan-F on endogenous spleen colony-forming unit ( E-CFU) formation
in C;H/HeN mice exposed to various doses of **Co irradiation 1 day after glucan injections. Each datum
point represents the mean + | SE of data obtained from 13 to 15 individual mice. With respect to
radiation control values, *p = 0.01.

Both glucan-P and glucan-F have been shown to be potent hemopoietic stimulants
in normal mice (13-15,34). This, coupled with the fact that these agents are most
effective in the hemopoietic syndrome radiation dose range, suggests that glucan-
mediated hemopoietic repopulation may play a major part in glucan-mediated survival
enhancement. The E-CFU data presented here clearly illustrate that both glucan-P
and glucan-F can enhance endogenous hemopoietic stem cell proliferation and/or
recovery in irradiated mice. In fact, we have previously reported a similar phenomenon
for both glucan-P and glucan-F when administered 1 h before or 1 h after a 6.5 Gy
radiation exposure (32). In addition, these current studies indicate that hemopoietic
stem cells not only increase in number but also apparently proliferate, differentiate,
mature, and migrate to the peripheral circulation since peripheral blood white cells,
platelets, and hematocrit values all recovered more quickly in glucan-P- and glucan-
F-treated mice than in radiation control mice. The recovery of peripheral blood white
cell numbers 1s of particular interest because of the critical first-line defense they
play in combating infections. White blood cell numbers in glucan-P- and glucan-F-
treated mice began to recover ~ 10-15 days postirradiation. whereas no peripheral
blood white cell recovery was observed in radiation controls. Since 10 days postir-
radiation has been shown to be the time when septicemia first becomes apparent in
untreated irradiated mice (15.35), it may be possible that in glucan-P- and glucan-
F-treated mice. the increased white cell numbers play a role in preventing them from

J. Biol. Response Mod.. Vol. 5. No. . 1986
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FIG. 10. Effects of glucan-P and glucan-F on spleen weights in C;H/HeN mice exposed to various
doses of 8°Co irradiation 1 day after glucan injections. Each datum point represents the mean + | SE
of data obtained from 13 to 15 individual spleens. With respect to radiation control values, *p < 0.01
and **p = 0.05.

succumbing to such secondary infections associated with irradiation. In fact, recent
experiments in our laboratory have demonstrated that glucan-treated irradiated mice
develop far fewer infections than do the radiation control mice.

In addition to this information on the possible biological mechanisms of glucan-
mediated survival enhancement our studies using various other B-1,3 polyglycans
have shed some light on the possible biochemical mechanisms of glucan-mediated
survival enhancement. In studies comparing the survival-enhancing capabilities of
three other soluble B-1,3 polyglycan BRMs, two of these, PSK and SPG, also
appeared to be slightly radioprotective. These two protective agents also contained
B-1,3 glucan components, whereas the ineffective polyglycan (mannan-R) contained
a B-1,3 mannan rather than a B-1,3 glucan component. Although PSK and SPG were
considerably less effective than glucan-F at enhancing survival, this might be expected
if B-1,3 glucan is the active survival enhancing component, since both PSK and SPG
only partially consist of B-1,3 glucan and glucan-F consists only of B-1,3 glucan
(Table 1). Thus, perhaps the manner in which the B-1,3 glucan linkages are recognized
and/or processed is associated with the ability of these agents to modify radiation-
induced lethality. Whatever the mechanism, however, it does not appear to be strain-
specific or species-specific, since we have also observed enhanced hemopoietic re-
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FIG. 11. Effects of glucan-P and glucan-F on survival when administered 1 h after exposure 5 a 9.0
Gy dose of ®Co irradiation. Cumulative survival data were calculated from 37 radiation control mice,
36 glucan-P-treated mice (NS), and 36 glucan-F-treated mice (p < 0.05). NS, not significant.

covery and prolonged survival in irradiated B6D2F, and C57B1/6 mice, as well as
in canines and primates (M. L. Patchen, unpublished observations).

The fact that glucan-F appears to be nearly as potent as glucan-P at enhancing
postirradiation survival is of particular clinical interest since the undesirable severe
hepatosplenomegally and granuloma formation known to be associated with intra-
venous glucan-P administration do not occur with glucan-F administration (36-38).
Even at extremely high intravenous doses, glucan-F has failed to produce detrimental
side effects in mice, dogs, or primates, and it is currently undergoing Phase I drug
evaluation in humans. Thus, even in humans, glucan-F may prove to be useful for
combating radiation and/or chemical hemopoietic and immune depression and the
sometimes lethal consequences of such depression.
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Glucan-Induced Hemopoietic and Immune Stimulation: Therapeutic
Effects in Sublethally and Lethally Irradiated Mice

M.L. Patchen, T.J. MacVittie and 1. Brook

Department of Experimental Hematology, Armed Forces Radiobiology Research Institute, Bethesda, MD, USA

SUMMARY

The hemopoietic effects of glucan, a beta 1,3 polyglycan biological response modifier, were assayed in normal and irradiated mice. In normal
mice, glucan administration increased the content of bone marrow and splenic transplantable pluripotent hemopoietic stem cells (CFU-s), commit-
ted granulocyte-macrophage progenitor cells (GM-CFC), and pure macrophage progenitor cells (M-CFC). In mice partially hemopoietic depleted
by exposure to 6.5 Gy of ®Co irradiation glucan increased the number of endogenous pluripotent hemopoietic stem cells (E-CF| U). The most
pronounced effects were observed when glucan was administered I day before irradiation. In addition, the administration of glucan I day before
lethal (9.0 Gy) irradiation-enhanced survival. The enhanced survival in glucan-treated mice in part appeared to be mediated by an enhanced resistance

fo the surgence of enteric opportunistic pathogens that occurs following radiation-induced hemopoietic and immune depression.

Key words: Hemopoiesis -. Radioprotection - Glucan - Polyglycans - Stem cells

INTRODUCTION

Although most biological response modifiers (BRMs)
have traditionally been evaluated for their im-
munomodulating capabilities, it has been demonstrated
that a variety of such agents can also exert effects on
the hemopoietic system (1-7). Since bone marrow sup-
pression is a common detrimental side effect in patients
undergoing radiotherapy and/or chemotherapy, agents
capable of modulating hemopoiesis might be
therapeutically useful for enhancing hemopoietic
reconstitution and thus contributing to the prevention
of potentially lethal opportunistic infections in such pa-
tients (8-9).

In the past several years studies have concentrated
on investigating the hemopoietic effects of glucan, a
B, 1-3 polyglucose isolated from the yeast Sac-
charomyces cerevisiae (7,10-12). As opposed to
numerous other naturally obtained BRMs, glucan is not
potentially infectious, is not antigenic, and has a known
molecular structure (13). The data presented in this
paper demonstrates that this nontoxic BRM is a po-
tent hemopoietic stimulant in both normal and ir-
radiated mice, and that glucan administration in other-

wise lethally irradiated mice can significantly increase
survival in the hemopoietic syndrome radiation dose
range.

MATERIALS AND METHODS
Mice

In all experiments 20- to 25-gram C;H/HeN female
mice were used. All mice were quarantined and ac-
climated to laboratory conditions for at least 2 weeks
prior to experimentation. During this time mice were
examined and found to be free of lesions of murine
pneumonia complex and oropharyngeal Pseudomonas
sp.

Glucan

Particulate endotoxin-free glucan, prepared as
described by DiLuzio et al. (14), was obtained from Ac-
curate Chemical and Scientific Corporation (Westbury,
NY). Glucan was intravenously administered in a 0.5
ml volume via the lateral tail veins in the dose of 1.5
mg per mouse. Control mice were injected with an
equivalent volume of sterile saline.
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Hemepoietic cell supensions

Each cell suspension represented the pool of tissues
fromthree mice. Single cell suspensions of femoral bone
marrow cells or spleen cells were prepared in Hank’s
balanced salt solution as previously described (12). The
total number of nucleated cells in each suspension was
determined by counting the cells on a hemocytometer.

Hemopoietic stem and progenitor cell assays

Pluripotent hemopoietic stem cells were assayed in
vivo by the exogenous (CFU-s) or endogenous (E-CFU)
spleen colony-forming unit assays originally described
by Till and McCulloch (15-16). Spleens were harvested
10 days post irradiation and fixed in Bouin’s Solution;
the number of grossly visible colonies were then
counted. Hemopoietic progenitor cells committed to
granulocyte-macrophage (GM-CFC) or pure
macrophage (M-CFC) differentiation were assayed in
vitro by the double-layer agar culture techniques
originally described by Bradley and Metcalf (17) and
MacVittie (3), respectively. Specific modifications of
these assays have been described previously in detail
(12).

Irradiation

Bilateral total-body irradiation administered from the
AFRRI1 #Co source at a dose rate of 0.4 Gy per minute
was used in all radiation experiments.

Survival studies

Mice used in survival studies were exposed to 9.0 Gy
of total-body irradiation, and their survival was checked
daily for a period of 30 days.

Bacteriological studies

The liver and spleen of individual mice were asep-
tically removed, homogenated, and streaked onto two
enriched BHI agar plates. One plate was incubated for
48 h at 37°C and 5% CO, for isolation of aerobic
bacteria. The other plate was incubated for 48 h in an
anaerobic environment for the isolation of anaerobic
bacteria. The number of colonies was semiquantitatively
estimated, and the microorganisms were identified
utilizing standard criteria (18-19).

RESULTS

Effect of glucan on hemopoietic stem and progenitor
cells in normal mice

Glucan was administered to normal mice, and the
bone marrow and splenic content of pluripotent
hemopoietic stem cells (CFU-s), granulocyte-
macrophage progenitor cells (GM-CFC), and pure
macrophage progenitor cells (M-CFC) were assayed 1,
5, 11, and 17 days later (Table 1). Glucan stimulated
CFU-s, GM-CFC, and M-CFC production in both the
bone marrow and the spleen. Although glucan’s
hemopoietic stimulatory effect in the femoral bone mar-
row occurred later, was of a shorter duration, and ap-
peared to be of a smaller magnitude than in the spleen,
glucan’s total bone marrow effect was no doubt at least
as great as its splenic effect since the femoral marrow
represents only approximately 7 percent of the total
murine bone marrow content.

Effect of glucan on hemopoietic stem cells in irradiated
mice

The endogenous spleen colony-forming unit assay (E-
CFU) was used to evaluate the ability of glucan to
enhance hemopoietic stem cell recovery in radiation-

TABLE 1. Effect of glucan on hemopoietic stem and progenitor cells in normal mice®

GM-CFC/Organ®

Day Post CFU-s/Organ® M-CFC/Organ®
Glucan (x 10%) (x 10% (x 10%)
Treatment Bone Marrow Spleen Bone Marrow Spleen Bone Marrow Spleen
0 2.66 + 0.19 6.23 £ 0.55 1.95 £ 0.12 1.11 £ 0.16 0.89 +0.11 1.54 = 0.35
(Controls)
1 2.11 £0.19 9.57 + 1.82° 1.92 £ 0.16 2.89 £ 0.58° 0.89 + 0.07 297 £ 0.22¢
5 3.55 + 0.43¢ 18.82 + 8.06° 2.30 +£0.20 5.63 + 0.44¢ 0.92 + 0.10 4.20 + 0.44°
11 3.01 £ 0.41 9.86 + 1.83¢ 2.41 + 0.24¢ 3.34 £ 0.82° 1.10 £ 0.12¢ 3.97 + 0.59¢
17 2.54 +0.14 7.40 + 1.28 2.22+0.16 1.78 + 0.21° 0.98 + 0.05 2.98 + 0.22¢

¢ Mean = standard deviation of data obtained from 3-4 individual experiments.
* Bone marrow values represent CFUs, GM-CFC-, and M-CFC values per femur.

cp=<.0S.
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TABLE 2. Effect of glucan on endogenous spleen colony formation in 6.5-Gy irradiated mice

Time of Treatment

E-CFU/Spleen®

Prior to Saline + Glucan +
Irradiation Irradiation Irradiation
1 day 26+03 44.2 + 4.0

5 days 3.1+04 31.4 +3.6"

11 days 29+03 153 £ 2.1°

“Mean = standard error of values obtained from 17-25 individual spleens.

*p=<.0S.

injured mice (Table 2). E-CFU numbers were
significantly increased whether injected with glucan at
1, 5 or 11 days prior to the radiation injury. However,
the largest increase in E-CFU numbers was observed
when glucan was injected 1 day before irradiation.

Effect of glucan on survival in lethally irradiated mice

Since mice exposed to irradiation in the dose of
8.0-10.0 Gy (the hemopoietic syndrome dose range)
ultimately die 2-3 weeks later due to hemopoietic and
immune suppression, attempts were made to alter the
survival in such mice with glucan therapy (Table 3).
Although glucan administration was not effective at
altering 30-day survival when administered 5 or 11 days
prior to irradiation, it did significantly enhance survival
when administered 1 day prior to an otherwise lethal
radiation exposure.

Bacteriological effects of glucan in lethally irradiated
mice

The effect of glucan on the surgence of opportunistic
pathogens that occurs following radiation exposure in
the hemopoietic syndrome dose range was evaluated
by measuring bacterial translocation in the livers and
spleens of mice 7, 9, 11, and 13 days after radiation ex-
posure (Table 4). At 7 and 9 days postirradiation, more

microorganisms were recovered in glucan-treated mice
than in saline-treated mice. However, at days 11 and"
13 postirradiation the livers and spleens from glucan-
treated mice were essentially free of bacteria while 60-70
percent of those from saline-treated mice exhibited the
presence of bacteria.

DISCUSSION AND CONCLUSIONS

These studies demonstrate that glucan is a potent
hemopoietic stimulant in normal mice and in radiation-
injured mice. In addition, these studies clearly
demonstrate that glucan is capable of significantly
enhancing survival in mice that would otherwise die
from the infectious consequences of radiation-induced
hemopoietic and immune suppression.

Whether glucan’s ability to enhance survival in lethal-
ly irradiated mice is mediated solely via enhanced
repopulation of the granulocyte and macrophage cell
populations (which are so critically important as a first-
line defense against bacterial invasion) is not absolute-
ly certain. It has been observed that CFU-s, GM-CFC,
M-CFC and peripheral white blood cell numbers in
glucan-treated 9.0-Gy irradiated mice begin to recover
approximately 10-15 days postirradiation (Patchen et
al., data not included hére). Such recovery was not
observed in saline-treated 9.0-Gy irradiated mice, which

TABLE 3. Effect of glucan on survival in 9.0-Gy irradiated mice

Time of Treatment

Percent Survival at 30 Days

Prior to Postirradiation
Irradiation
Saline + Glucan +
Irradiation Irradiation
1 day 0" 59°
S days o 0
11 days [0 0

* Based on cumulative survival data in experiments involving 163-178 mice.
* Based on cumulative survival data in experiments involving 42-50 mice.
< Based on cumulative survival data in experiments involved 43-51 mice.
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TABLE 4. Effect of glucan on baclerial translocation in 9.0-Gy irradiated mice®

Day Post- Percent Positive Bacterial Cultures®
Irradiation
Liver Spleen
Saline + Glucan + Saline + Glucan +
Irradiation Irradiation Irradiation Irradiation
7 0 20 0 10
9 0 10 0 20
11 30 20 20 0
13 60 © 0 70¢ 0

“Saline or glucan was administered I day prior to irradiation.
*Organisms detected were Proteus mirabilis, Staphylococcus aureus, and Escherichia coli.
‘Many mice exhibited multiple types of infection within the same animal.

interestingly begin to die approximately 10-15 days
postirradiation. Although the time course of
hemopoietic recovery and survival appear to closely cor-
relate, this does not exclude the possibility that other
mechanisms may also be contributing to glucan’s ability
to enhance survival in lethally irradiated mice. For in-
stance, macrophages have been demonstrated to be
radioresistant (20). Since glucan is an extremely potent
macrophage activator it could no doubt also function
to control the surgence of postirradiation opportunistic
enteric pathogens by providing the presence of large
radioresistant activated macrophage cell populations.
In addition, macrophages have been shown to produce
and release hemopoietic and immune factors (21) that
might further facilitate hemopoietic and immune
reconstitution in irradiated mice.

The results presented in this paper have dealt solely
with the effects of particulate glucan (glucan-P).
Although glucan-P has few side effects compared to
most other BRMs, intravenous administration of
glucan-P has been shown to produce severe
hepatosplenomegaly and granuloma formation (13, 22).
Recently the experiments presented here were repeated
using a newly-produced soluble glucan preparation
(glucan-F) that does not induce severe
hepatosplenomegaly and granuloma formation, and
thus is more clinically applicable. In those experiments,
glucan-F produce results very similar to those produc-
ed by glucan-P with the exception that a 5.0 mg glucan-
F dose was required to produce the same effects as a
1.5 mg dose of glucan-P (Patchen et a/., manuscript
submitted). Clearly, glucan appears to be a BRM that
possesses clinically promising hemopoietic and
radioprotective capabilities.
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To study the effects of active oxygen on neuronal electrophysiology, hippocampal brain slices were exposed to hydrogen peroxide
plus ferrous sulfate which react to produce hydroxyl Irec radicals. Analysis of extracellutarty recorded somatic and dendritic responses
to orthodromic stimulation indicated a deercase in both synaptic elficacy and impairment of action potential generation.

Active oxvgen (superoxide. peroxide and hydrox-
vl radicals) and other free radicals oceur naturally as
intermediates in oxidative metabolism. There are
many enzymes and free radical scavengers present in
normal tissue to maintain these compounds within
non-toxic levels?. In some pathological states of the
nervous system. however. free radicals in brain tissue
can increase to abnormally high levels!. One such
state 1s ischemia and subsequent reperfusion!-2-17-19,
The free radicals produced by this insult are hikely to
react with unsaturated fatty aads and initiate lipid
peroxidation 151722 - disrupting the mtegrity of cell
membranes.

CAl neurons of the hippocampus are particularly
sensitive to ischemic damage’-0:8.9.10.20° The sponta-
neous electrical activity of the neurons. studied in
vivo. disappears during ischemia. returns 10-20 min
after reperfusion and then increases above normal
levels during the next 24 b2 In vitvo studies on the
hippocampal brain slice prepavation demonstrated
that ischemia was accompanied by a reduction in syn-
aptically elicited electrical activity in the dentate and
CA3 regions of the hippocampustt-14,

The present study was imtiated to determine the
electrophysiological correlates of active oxvgen dam-
age in CA1 pyramidal cells of the hippocampus in vit-
ro. Hydrogen peroxide was combined with ferrous

sulfate to generate hydroxyl free radicals. Through
analysis of the dendritic and somatic field potentials,
it was found that synaptic cefficacy and spike genera-
tion mechanisms were impaired.

Male guinea pigs were killed by cervical disloca-
tion under halothane anesthesia. The brain was re-
moved and immediately placed in oxygenated, iced
solution (composition below). Within 5 min both hip-
pocampi were dissected and thin slices (350-400 gm)
were cut. The shces were incubated at room temper-
ature for at least 1 h before use. In the recording
chamber. the submerged slice was constantly per-
fused with oxygenated solution at 30 = 1 °C. Normal
bathing solution contained (in mM): NaCl 124, KCl
3. CaCl, 2.4, MgSO, 1.3. KH,PO, 1.24, glucose 10
and NaHCOj; 26. The solution was oxygenated by
constant bubbling with 95 O,/5%% CO,. Potentials
were recorded with a high gain DC amplifier and
were digitized. stored and analyzed on a LSI 11-03
minicomputer. in most experiments a bipolar stain-
less steel stimulating clectrode was positioned in the
sttatum radiatum to activate the Schaffer collateral
pathway as well as other afferents to the CAT pyram-
idal cells. Constant current stimuli (0.1-1 mA. 100
us)ywere provided at 0.33 Hz. (Threshold for evoking
a population spike was always less than 0.3 mA.) Re-
cording electrodes (less than 10 MQ) filled with 2 M

Correspondence: 1. Pellmar. Phvsiology Department. Armed Forces Radiobiology Rescarch tnstitute. Bethesda, MD 208 14-5145.
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Fig. 1. Effects of 0.01% peroxide with 100 M ferrous sulfate on somatic and dendritic responses of CAl neurons of the hippocampus.
A top trace shows the population response recorded in the cell body layer to slimulation of 1he stratum radiatum. Bottom Irace shows
the response recorded simultancously in the dendritic layer. The traces are preceded by a calibration pulse of 1 mV. 2 ms. All records
ar¢ the average of 3 traces. The amplitude of the population spike in the cell body layer is defined as the average amplitude from point
ato point b and [rom point ¢ to point b. The presynaptic volley is indicated at point d. The size of the synaptic response is defined as the
slope of the population PSP at point ¢. B: the somatic and dendritic responses of the same tissue after 15 min exposure to peroxide
iron. Both 1he population spike and the population PSP are reduced. In B-1 slimulus parameters were identical to those in A. In B-2
stimulus sirength was increased until dendritic response was similar to that of conirol. The population response is still smaller than in
control. C: somatic and dendritic responses following 30 min wash. Stimulus intensity is same as that in A. Both responses are partially

recovered.

NaCl were placed in the cell body laver of CA1 to re-
cord the somatic response. A second recording elec-
trode was positioned in stratum radiatum to record
the dendritic response to afferent stimulation. All re-
cords are the average of 3—4 traces.

A typical orthodromic response is shown in Fig,
LA, The population spike. the synchronous firing of
CA1 pyramidal cells. is measured as the average of
the amplitude from point a to point b and the ampli-
tude from point b to point c. The response recorded
in the dendritic layer shows the afferent volley (potint
d) and the synaptic response of the population of neu-
rons {(postsynaptic potential, PSP). The PSP is quan-

tified by measuring the slope early in the response
(point e). The slope was used as a measure since the
amplitude was frequently obscured by generation of
a population spike.

As illustrated in Fig. 1. the application of 0.01%
H,0, plus 100 «M ferrous sulfate (peroxide/iron) re-
sulted in a decrease in the orthodromically elicited
population spike (n = 14). Recovery of the popula-
tion spike occurred in 5 out of 6 slices when normal
oxygenated saline was washed through for 20-30 min
(Fig. 1C). At these concentrations of peroxide and
iron. the population spike elicited by antidromic
stimulation through a bipolar electrode in the alveus
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Fig. 2. Input-output curves illustrating the effects of 0.01% peroxide with 100 M ferrous sulfate i |n same experiment as Fig. [. A: am-
plitude of the presynaptic volley is plotted ﬁgalnst the resulting population spike amplitude. O. control; A, 15 min exposure to
peroxide/iron; @, 25 min exposure to peroxide/iron: M. 30 min of wash. The population spike is reduced by peroxide/iron but partially
recovers with wash. B: graph of volley size vs slope of the dendritic response. Symbols are the same as in A. PSP is reduced by peroxide/
iron and only partially recovers in wash. C: the dendritic response is plotted against the amplitude of the population spike. Symbols are
the same as in A. The same size PSP is less effective in cliciting a population response in peroxide/iron as compared to control. This ef-

fectis completely reversed by wash in this experiment.

was unaffected. Only at much higher concentrations
(0.1% H,0,) was the antidromic spike significantly
attenuated. The action of peroxide/iron was not
pathway specific. In two experiments the affcrents to
the basal dendrites of the CA1 pyramidal cells were
activated with a stimulating electrode n stratum
oriens. The population response to this afferent stim-
ulus was similarly reduced.

The neuronal damage caused by peroxide/iron is
likely to result from the generation of free radicals

and initiation of lipid peroxidation. Two observations
support this. (1) While peroxide (0.01%) alone was
found to reduce the orthodromic population spike.
addition of ferrous ions seemed to potentiate the ef-
fect by specding its onset. Addition of Fe2+ to H,0,
promotes the formation of hydroxyl free radicals
through the Fenton reaction. Ferrous sulfate alone
(100 «M), however, did not causc any change in the
elicited field potentials (n = 5). (2) The longer the tis-
sue was incubated before the expcriment, the more
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sensitive to peroxidative damage it appeared. It is
probable that lipid peroxidation occurs spontaneous-
ly during incubation as observed by Kovachich and
Mishral?.

To analyze the site of action of the peroxide and
iron. input/output curves were generated. Stimulus
strength was varied to elicit a range of sizes of pop-
ulation spikes. The afferent volley was used as an in-
dex of activated presynaptic fibers. Peroxide/iron did
not change the afferent volley size elicited by a given
stimulus strength. As the size of the volley increased
the somatic population spike increased (Fig. 2A).
Addition of peroxide/iron resulted in a progressive
decrease of the amplitude of the population spike.
The population spike recovered substantially with a
30-min wash. An increase in afferent volley was also
reflected in an increase in the slope of the dendritic
potential (PSP slope) (Fig. 2B). In the presence of
peroxide and iron, the same size volley produced a
smaller PSP indicating a decrease in synaptic effica-
cy. This effect was only partially reversible. These
two actions of peroxide and iron. reflected in Fig. 2A
and B, can also be observed in Fig. 1A, B-1, and C. In
Fig. 1, the stimulus strength used to evoke the res-
ponse remained constant and the afferent volley size
(d) was unchanged. Both the amplitude of the pop-
ulation spike and the slope of the PSP were reduced.

Fig. 2C illustrates the change in the relationship
between the slope of the PSP and the population
spike with peroxide/iron. For a PSP of the same size,
a smaller population spike was evoked in peroxide/
iron than in the control, suggesting that the mecha-
nism for spike generation was impaired. This is also
rcflected in Fig. 1B-2 where the stimulus strength
was increased sufficiently to evoke a dendritic re-
sponse similar to that scen in the control (Fig. 1A).
but the population spike was still substantially small-
er than in the control.

The actions of peroxide/iron on generation of the
PSP and on generation of the population spike ap-
pear to be independent effects. The two mechanisms
were usually, but not always. simultaneously at-
fected. In 3 out of 14 slices the PSP was not reduced. In
3 other experiments, the ability of the PSP to evoke a
population spike was not reduced. Within a single ex-
periment, the two effects were independent in their
reversibility with wash. For example in Fig. 2, the im-
paired spike generation was completely reversed

with wash while the decrcase in synaptic efficacy was
not. In other experiments. only synaptic efficacy was
reversed or both mechanisms were only partially re-
versed.

In some laboratories. peroxide is added to the per-
fusion solution to supplcment oxygenation of neural
tissue in vitro. Lower concentrations of peroxide may
be capable of increasing available oxygen. through
the enzyme catalase, without inducing free radical
damage. Llinas and Sugimori!2 found that addition of
0.001% H,0, improved the viability of cercbellar
slices, while Llinas et al.?* found that they required
0.003% H,0, in the intact perfused cerebellum prep-
aration to keep it alive. Walton and Fulton?! found
that 0.004% H,0O, optimally increased fields in the
isolated spinal cord preparation and that this cffect
was reverscd by inhibition of catalase. The results of
the present study suggest that this approach should
only be taken with caution.

Although the molecular mechanism of peroxide/
iron damage is not definite, it is likely to result from
lipid peroxidation. The reversibility of the electro-
physiological cffects are difficult to explain since one
would not expect lipid peroxidation to reverse. It is
possible that there is functional recovery despite con-
tinued presence of lipid damage. Noda et al.'* found
only transient increases in lipid peroxidation prod-
ucts following hyperbaric oxygen. They suggested
that either the lipid peroxides or malondialdehyde
were metabolized fairly rapidly in vivo.

The data presented here suggest that imcreased
free radicals, that can result from ischemia and reper-
fusion, are able to produce profound chunges in neu-
ronal activity. Two mechanisms are atfected by the
peroxide/iron: synaptic cfficacy and spike generating
mechanisms.  Antidromically clicited population
spikes werc only affected by very high concentrations
of peroxide. The results of Lipton and Whittingham!!
similarly show that hypoxia has a greater effect on or-
thodromic activity than the antidromic spike in gran-
ule cells of the dentate. Because potassium and oua-
bain accelerated the effects of hypoxia, these authors
suggested that hypoxia caused a depolarization due
to inhibition of the sodium/potassium pump. Misgeld
and Frotscher'¥ on the other hand. saw a hyperpolari-
zation with anoxia in CA3 neurons of the hippocam-
pus. The ionic mechanism of the reduced synaptic ef-
ficacy seen here with peroxidative damage will be ex-



amined in future studies with mtracellular tech-
niques.

An increase in free radical concentrations and lipid
peroxidation can also be induced with oxygen under
pressure’ s, King and Parmentier’ studied the
changes in electrical activity in the hippocampal
brain slice produced by oxygen at high pressure. In
agreement with the present study. they reported that
the presynaptic volley was less efficient in evoking a
synaptic response. While in the present study no
change in the presynaptic volley was observed with
peroxide and iron. King and Parmentier” found that
oxygen at high pressure increased the volley size.
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In conclusion peroxide/iron decreases synaptic ef-
ficacy and impairs action potential generation. This
functional damage probably results from generation
of hydroxyl free radicals and subsequent lipid perox-
idation.

I thank Drs. W. Hunt and P. Gunter-Smith for
helpful discussions. This work was supported by the
Armed Forces Radiobiology Research Institute, De-
fense Nuclear Agency under Research Work Unit
00105. The views presented in this paper are those of
the author; no endorsement by the Defense Nuclear
Agency has been given or should be inferred.

bellar slices. J. Physiol. (London), 305 (1980) 171-195.

13 Llinas, R., Yarom, Y. and Sugimori, M., The isolated
mammalian brain in vitro: A new technique for the analysis
of electrical activity of ncuronal circuit function, Fed. Proc.
Fed. Am. Soc. Exp. Biol., 40 (1981) 2240-2245.

14 Misgeld. U. and Frotscher, M., Dependence of the viability
of neurons in hippocampal slices on oxygen supply, Brain
Res. Bull., 8 (1982) 95-100.

15 Noda, Y., McGeer, P.L. and McGeer, E.G., Lipid perox-
ide distribution in brain and thc cffect of hypcrharic oxy-
gen, J. Neurochem., 40 (1983) 1329-1332.

16 Petito, C.K. and Pulsinclli, W.A., Delayed neuronal recov-
ery and neuronal dcath in rat hippocampus following severe
cerebral ischemia: possible relationship to ahnormalities in
neuronal processes, J. Cerebral Blood Flow and Metabo-
lism, 4 (1984) 194-205.

17 Rehncrona, S., Siesjo, B.K. and Smith, D.S., Reversible is-
chemia of the brain: biochemical factors influencing restitu-
tion, Acta Physiol. Scand. Suppl., 492 (1980) 135-140.

18 Shaller, C.A., Jaques, S. and Shclden, C.H., The patho-
physiology of stroke: a review with molecular considera-
tions, Surg. Neurol., 14 (1980) 433-443,

19 Smith, D.S., Rehncrona, S. and Siesjo, B.K., Barbiturates
as protective agents in brain ischcmia and as free radical
scavengers in vitro, Acta Physiol. Scand. Suppl., 492 (1980)
129-134.

20 Suzuki, R., Yamaguchi, T., Li, C. and Klatzo, I., Thc ef-

fects of 5-minute ischemia in mongolian gerbils: 1.

Changes of spontanecous ncuronal activity in cercbral cor-

tex and CA1 sector of hippocampus, Acta Neuropathol., 60

(1983) 217-222.

Walton, K. and Fulton, B., Hydrogen peroxide as a source

of molecular oxygen for in vitro mammalian CNS prepara-

tions, Brain Research, 278 (1983) 387-393.

22 Watson, B.D., Busto, R., Goldberg, W.J., Santiso, M.,
Yoshida, S. and Ginsherg, M.D., Lipid pcroxidation in
vivo induced by reversible global ischemia in rat brain, J.
Neurochem., 42 (1984) 268-274.

2

—






Neuroscience & Biobehavioral Reviews, Vol. 10, pp. 55-65, 1986. ¢ Ankho International Inc. Printed in the U.S.A.

ARMED FORCES RADIDBIOLOGY |

RAESEARCH INSTITUTE
SCIENTIFIC REPORT

SR86-13

0149-7634/86 $3.00 + .00

Mechanisms of Radiation-Induced
Conditioned Taste Aversion Learning

BERNARD M. RABIN*f AND WALTER A. HUNT*!

*Behavioral Sciences Department, Armed Forces Radiobiology Researcl Institute
Bethesda, MD 20814-5145
and tDepartment of Psyvchology. University of Marvland Baltimore County, Catonsville. MD 21228

Received 25 March 1985

RABIN. B. M. AND W. A HUNT. Mcchanisms of radiation-induced conditioned taste aversion learning. NEUROSCI
BIOBEHAV REV 10(1) 55-65. 1986.—The literalure on tasle aversion learning is reviewed and discussed. with particu-
lar emphasis on those studies 1hal have used exposure 1o ionizing radiation as an uncondilioned stimulus 10 produce a
conditioned tasle aversion. The primary aim of the review is to attempt to define the mechanisms that lead 10 the initiation
of the taste aversion response following exposure to ionizing radiation. Studies using drug Ireatments to produce a taste
aversion have been included 10 the extent thal they are relevant to understanding the mechanisms by which exposure 10

ionizing radiation can affect the behavior of the organism.

lonizing radiation Condilioned tastc aversion

THE toxicity of ionizing radiation generally is expressed as
the loss of rapidly turning over cells. This results from an
impairment of the synthesis of these cells. especially those in
bone marrow. However, since neurons in the mature central
nervous system do not undergo cellular turnover. the brain
generally has been believed to be insensitive to exposure to
jonizing radiation [71]. thereby allowing for the routine use
of radiation in treating brain tumors. However, little atten-
tion has been given to evidence appearing over the years that
raises doubts about this conclusion. For example. exposure
to ionizing radiation at doses of 15-500 rad significantly re-
duces the electroshock seizure threshold. an effect lasting up
to 8 months [97]. Also, in this dose range emesis is induced.
Transient increases in the spontaneous locomotor activity of
CS7BL mice and arousal in rats have been observed after
exposure to 1000-1500 rad [60.83]. And, on the molecular
level. the functioning of sodium channels is impaired after
radiation exposure to as little as 10 rad [140]. These observa-
tions suggest that exposure to ionizing radiation may have
behavioral consequences not previously appreciated.

High lethal doses of ionizing radiation can severely dis-
rupt behavior. Depending upon the species, the quality of
radiation, and the nature of the behavioral measurements,
100010000 rad degrades performance on a number of tasks.
Under some conditions the effects are transient, generally
lasting up to one hr after irradiation [7, 14, 15, 36, 64], but
after sufficiently high doses of radiation a permanent in-
capacitation is induced. culminating in the death of the or-
ganism. Possible effects of lower doses (<1000 rad) of radia-
tion have not been adequately explored. Therefore. given the
available evidence, such as that cited above. exposure to
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jonizing radiation may have subtle actions on the brain that
may have clinical significance.

In addition to emesis, exposure to lower doses of ionizing
radiation induces a conditioned taste aversion (CTA) in ex-
perimental animals and humans. A CTA can result when a
novel tasting solution is paired with a toxin. so that when the
solution is presented subsequently, further ingestion is
avoided. This avoidance behavior is typically acquired after
a single pairing of the solution with the toxin. Taste aver-
sions can be produced, using saccharin or sucrose solutions,
after injection of a wide variety of drugs, such as lithium
chloride (LiCl), amphetamine, copper sulfate, and apomor-
phine [44,113], as well as after exposure to ionizing radiation
[124]. Since radiation-induced taste aversions are obtained
typically after exposure to 37-150 rad doses. examining the
underlying mechanisms associated with development of this
type of CTA might provide information on other possible
behavioral consequences of low-dose irradiation. Such a
model has the additional benefit of having an extensive be-
havioral and physiological database relating to taste aver-
sions in general (see [1, 47, 117] for recent reviews of drug-
induced CTA learning).

The goal of this paper is to review the variety of studies
that have used radiation to produce a CTA in order to define
the general mechanisms by which exposure to nonlethal
levels of radiation might alter behavior. Our purpose is not to
review CTA learning in general. However, studies with
toxins in addition to radiation will be presented when they
are relevant to the discussion.

A number of methods are used to produce a CTA. Since
interpretation of information denved from some procedures
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can be misleading. we will begin with a brief discussion of
the various methods employed for producing a CTA and
their advantages and disadvantages.

METHODOLOGICAL CONSIDIERATIONS

The general procedure for producing a conditioned taste
aversion involves placing the subjects on a water deprivation
schedule. Once the animal has adapted to the schedule, a
novel tasting solution is substituted for the regular water
bottle as the conditioned stimulus (CS). Ingestion of the
novel solution is followed by treatment with the toxin. the
unconditioned stimulus (UCS). The dependent measure. the
conditioned response (CR), is the amount of the solution
ingested at a subsequent presentation of the CS.

Within this general paradigm, a number of variations are
used in quantifying the dependent measurc, although the
suggestion has been made that these different procedures
may be measuring different aspects of CTA learning [131].
One such variation involves the use of either a one-bottle or
two-bottle test to study taste aversion learning. In a single-
bottle test, the animal is presented with only a single hottle
containing the CS during the period in which fluid is avail-
able. In a two-bottle test, the animal can choose between the
CS or a neutral fluid such as tap water. In a single-bottle test
the subject is forced to choose between ingesting the solution
that has hcen paired with the UCS or “‘going thirsty™;
whereas with a two-bottle test, an alternative is available to
drinking the CS.

A second variation in the dependent measure involves
determining either the absolute or the relative intake. In a
single-bottle test. the most typical dependent measure is the
actual amount of the CS ingested by the subject, although
postconditioning intake may also be expressed as a percent-
age of CS intake on the conditioning day prior to treatment.
When a two-bottle design is uscd, the data are typically pre-
sented in terms of the relative intake of both the neutral and
conditioned stimuli. While the data from a two-bottle test
may be presented in terms of the actual intakes of each solu-
tion. the data can also be presented as a sucrose prefersnce
score, calculated by dividing the CS intake by total fluid
intakc. Because this preference measure is relatively insen-
sitive to variations in total fluid intake, the preference score
has becen considered to be a more sensitive indicator of CTA
learning [31.53]. particularly under conditions in which the
taste aversion produced by the UCS is relatively weak.

Using a single-bottle design may also introduce a potential
conflict that can result from forcing the animal to ingest the
solution which has heen paired with the UCS. The only other
alternative for the animal is not to drink at all. Conflict is not
involved with a two-bottle design because the subject can
choose which solution to drink. The introduction of conflict
into the CTA learning paradigm can complicate the interpre-
tation of data relating to possible mechanisms underlying
CTA acquisition. This is a significant problem is studies that
have attempted to assess a possible role of pituitary/adrenal
hormones in CTA learning. In a series of studies using
single-bottle designs. Smotherman ¢ wl. [128.129] have re-
ported that acquisition of an LiCl-induced CTA is associated
with the activation of the pituitary/adrenal system. Manipu-
lation of corticosteroid levels by injection of ACTH or dex-
amethasone produces corresponding changes in the acqui-
sition or extinction of the CTA response {56, 57, 127]. How-
ever, more recent work has shown that it is possible to dis-
sociate the corticosteroid and behavioral responses to LiCl
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injection by varying the number of LiC] preexposures to
which the animals are subjccted [130]. This observation
suggests that CTA acquisition is not dcpendent upon the
LiCl-induced changes in pituitary/adrenal function. Consis-
tent with this finding is the report by Rabin ¢f al. [104] that
hypophysectomy has no effect on the acquisition of an LiCl-
induced CTA in rats tested using a two-bottle procedure.

Similar findings have been reported with radiation-
induced taste aversion learning. Garcia and Kimeldorf [40]
working with non-deprived rats in a single-bottle design re-
ported that hypophyscctomy had no effect on the acquisition
of a radiation-induced CTA in rats. Similarly. Rabin ¢ al.
{104] found that hypophysectomy had no effect on radiation-
induced CTA learning in rats tested with a two-bottle proce-
dure. In contrast. Cairnie and Leach [16], using a single-
bottle test with dej-rived animals, reposted that injections of
dexamethasone produced a significant attenuation of a
radiation-induced CTA in rats. However, using a two-bottle
test Rabin ¢7 al. (unpublished manuscript) found no effect of
the drug. Since hormones of the pituitary/adrenal system
have been shown to play a role in mediating conflict-induced
arousal [55.138]. these results suggest that activation of the
pituitary/adrenal system or manipulation of corticosteroid
levels in a CTA paradigm is related more to conflict
produced using a single-bottle cxperimental design than to
the CTA learning itself.

A sccond potential confounding artifact in studies at-
tempting to evaluate thc mechanisms involved in mediating
CTA learning may result from a failure to control for the
effects of state-dependent learning [94]. State-dependent
learning results from a failure to maintain identical condi-
tions (states) on both the conditioning and test days. Conse-
quently, a CTA that is learncd on the conditioning day is not
recalled on the subsequent test day because the test condi-
tions are different than the conditions under which the re-
sponse was originally learned. In experiments designed to
evaluate the effects of a variety of potentially disruptive
treatments on CTA acquisition the usual procedure is to in-
terpolate some treatment during the interval between the
presentation of the CS and UCS on the conditioning day.
Under these conditions. the subjects are cxposed to the CS
in the same treatment-free environment on both conditioning
and test days. Some experimental manipulations, however,
may require that the disruptive treatment be administered
prior to, or coincident with, the presentation of the CS on the
conditioning day. If the identical treatment is not subse-
quently administcred together with the presentation of the
CS on the test day, then the different conditions on the two
days can interfere with the recall of the previously acquired
CTA response. Under these conditions. identical treatments
must be administered on both conditioning and test days to
maintain identical states on hoth days,

That state-dependent learning can present a serious prob-
lem for studies designed to analyze the mechanisms of CTA
learning has been shown by a number of studies using a
variety of unconditioncd stimuli and disruptive treatments.
Working with ionizing radiation, Levy er al. [75] reported
that treatment of rats with an antihistamine (chlor-
pheniramine maleate) on the conditioning day attenuated the
acquisition of a CTA to saccharin. However, they adminis-
tered the antihistamine prior to the initial exposurc of the CS
and failed to give a corresponding treatment on the test day.
When the antihistamine is administered together with the CS
on both conditioning and test days, treatment with the
antihistamine has no effect on the acquisition of a radiation-
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induced CTA [102]. Alternatively. when the antihistamine is
given after the presentation of the CS., so that the animals are
in a drug-free state on both conditioning and test days.
neither intraperitoneal [16, 102, 119] nor intraventricular
[101] injections of antihistamine have an cffect on the acqui-
sition of a radiation-induced CTA.

In addition to the use of a radiation UCS, state-dependent
effects have also been observed in studies of drug-induced
CTA learning. Phillips and LePiane [96] have reported that
the disruption of LiCl-induced CTA learning produced by
stimulation of the basolateral amygdala is not observed when
that stimulation is given on both the conditioning and test
day. Similarly, in a pilot experiment., Rabin and Hunt (un-
published manuscript) found that the reported disruption of
an amphetamine-induced CTA by pretreatment with alpha-
methyltyrosine [50] is greatly attenuated if the treatment se-
quence is administered prior to the presentation of the CS on
both the conditioning and the test day. It would therefore
seem that the problems posed by state-dependent learning
are general, affecting a variety of unconditioned stimuli and
disruptive treatments. As a result. appropriate controls for
state-dependent effects must be employed where a disrup-
tive treatment is administered prior to or during the presen-
tation of the CS.

THE RADIATION-INDUCLED CTA
Some Paramerric Considerations

lonizing radiation is only one of many potential uncon-
ditioned stimuli which can be used to produce a CTA [44.
113. 124]. Therefore, it would be important to review some
of the parametric factors associated with the acquisition of
taste aversions produced by exposure to ionizing radiation or
by injection of chemical compounds. A consideration of
some of the similarities and differences In taste aversion
learning produced by these various unconditioned stimuli
will facilitate a comparison of the mechanisms involved in
the acquisition of a CTA.

As indicated above. the dose of radiation used to produce
CTA learning is well below the lethal dose [45.124].
Threshold doses for whole body exposures in rats have been
variously reported to range from 7.5 rad [45] to between
20-25 rad [ 108]. These varations probably reflect differences
in the radiation quality and in the conditions associated with
the behavioral testing [124]. Further increases in the dose
produce a non-linear increase in the strength of the aversion
[108]. such that whole body exposures of SO-100 rad produce
a nearly total avoidance of the CS (e.g.. [45. 124, 126]).

Similar results are obtained with LiCl. The threshold dose
for an LiCl-induced aversion is between 0.15 and 0.30
mEq kg [91.108]. Further increases in the dose of LiCl also
produce a non-linear increase in the strength of the aversion,
with the maximum aversion being reached with doses of 3
mEq/ke (91].

Amphetamine. in contrast to both radiation and LiCl.
does not show this dose/response relationship. The threshold
dose for amphetamine-induced CTA 1s between 0.5 and 1.0
mg/kg. but further increases in dose up to 2.0 mg/kg do not
produce a corresponding increase in the strength of the
aversion [ 108],

Despite the similar dose/response relationships between
radiation and LiCl. there are significant differences in time-
courses of the conditioning effects. This is primarily re-
flected in the capacity of the radiation UCS to produce a
CTA when presented in a backwards conditioning paradigm
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[2]. A radiation-induced CTA can be acquired when the
radiation UCS is presented up to 6 hr preceding the presen-
tation of the CS. The strength of the aversion seems to be the
greatest when the UCS precedes the CS 'y 90 min [19]. LiCl.
in contrast, is not capable of inducing @ CTA under these
conditions. These observations indicate that exposing the
organism to ionizing radiation. unlike treatment with LiCl.
causes a long-lasting change that produces the temporal
overlap necessary for the acquisition of a CR.

A related issue concerns the dose equivalence of different
unconditioned stimuli when comparing their mechanisms of
action. When a given treatment or manipulation shows an
equivalent effectiveness in modulating a CTA produced by
different unconditioned stimuli, the empirical observation is.
by itself. sufficient evidence for a similarity of mechanism as
it relates to those specific experimental conditions. In con-
trast, the observation that an experimental manipulation is
effective in modulating a CTA produced by one UCS but not
by another UCS may mean either that the mechanisms of
action of these stimuli are different, or that there are differ-
ences in the initial effectiveness of those stimuli in producing
a CTA. In part. the validity of the two hypotheses can bec
determined by comparing the experimental dose of the
CTA-inducing agents with the threshold doses of those
agents. In general, a given manipulation is less likely to be
effective in modulating a CTA the greater the experimental
dose is above the threshold dose (e.g.. [35.110]). In addition,
the two alternatives can be evaluated by comparing the ef-
fects of the manipulations on a variety of response measures.
Thus, for example, LiCl- and amphetamine-induced aver-
sions are different not only in terms of the effects of area
postrema lesions on the acquisition of the response, but alse
in terms of the non-consummatory responses clicited by the
two stimuli [95.114].

Role of Hiness

One of the maor unknowns in the acquisition of a
radiation-induced CTA concerns the nature of the UCS.
What are the specific characteristics of the UCS that lead to
the subsequent avoidance of a “*food™™ with which the UCS
has been associated? With injections of toxic unconditioned
stimuli that produce obvious signs of illness in the organism
such as LiCl or copper sulfate, for example, a direct relation-
ship 1s assumed between the gastrointestinal effects of the
UCS and the resultant CTA learning [22, 23, 118]. Consistent
with this hypothesis is the observation that lesions of the
area postrema, the chemoreceptive trigger zone for emesis
{9]. disrupt the acquisition of a CTA produced by injections
of methylscopolamine [4.114] and by injections of LiCl
[103.114]. That the acquisition of a CTA requires a relatively
specific UCS is shown by the observation that pairing a
novel CS with a painful exteroceptive UCS, such as shock.
does not readily result in CTA learning [41.,73]. This obser-
vation which shows that pain per se is not an effective UCS
for CTA learning suggests that the UCS may in some way
involve the gastrointestinal system. However, even assum-
ing. for the moment, that the toxic character of some stimuli
constitutes the direct anteccdent condition for CTA learning,
a CTA can also be produced by pairing a novel CS with a
variety of unconditioned stimuli (such as amphetamine, can-
nabinols. sesame oil and morphine) that are not only non-
toxic, but will also be self-administered [3. 28, 38, 49]. This
would suggest that the toxicity of a UCS is not a necessary
condition for CTA learning to occur.
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Whether the toxicity of radiation is important for the de-
velopment of a CTA is not clear. As indicated in the preced-
ing section. high doses ol radiation (=500 rad) are clearly
toxic stimuli which can produce a variety of changes in
neural [67, 112, 136, 141] and behavioral [30, 82, 89, 907
functioning. In addition, like both LiCl and copper sulfate,
irradiation can lead to emesis [8,12) and. in humans. to
nausca [120]. In contrast, the dose of radiation (37-150 rad)
typically used to produce a CTA. has no apparent effect on
the unrestrained behavior of the organism [124]. However,
lesions of the area postrema attenuate a radiation-induced
CTA just as they attenuate a CTA following an injection of
LiCl [93.103]. This might suggest that a radiation-induced
change. possibly related to emesis, is a factor in the acquisi-
tion of a radiation-induced CTA, and that, therefore. there is
some relationship between the toxic nature of radiation and
the capacity of exposure to ionizing radiation to lead to CTA
learning.

IT an effect on the gastrointestinal system related to
emesis does play a role in the acquisition of a CTA when a
toxic UCS is used. then it should be possible to disrupt the
CTA by treating the organisms with an antiemetic to prevent
the development of the malaise. Initial experiments did not
support the hypothesis of a link between the antiemetic-
sensitive gastrointestinal distress and CTA learning. Levy ¢/
al. [75) reported that pretreating rats with the antiemetic
trimethobenzamide did not disrupt the acquisition of a
radiation-induced CTA. and Gadusek and Kalat [37] re-
ported that treatment with scopolamine did not attenuate the
recall of a previously acquired LiCl-induced CTA. However.
reasoning that these previous investigations used doses of
antiemetics that were much higher than the clinically effec-
tive doses, Coil ef al. [23] tested the effects of several doses
of a variety of antiemetics on the recall of a LiCl-induced
CTA. They found that treatment with the clinically effective
doses of scopolamine, trimethobenzamide, prochlorperazine
and cyclizine produced a significant attenuation of the previ-
ously acquired CTA. Doses of antiemetics either greater or
less than the clinically effective dose had no effect on CTA
recall. These results would be consistent with the hypothesis
that a UCS-induced illness plays a role in CTA learning when
LiCl is used as the UCS.

More recent research. however, has failed to confirm
these findings. Goudie ¢f al. [51], working with taste aver-
sions produced by a variety of drugs including LiCl, reported
that trecatment with the clinically effective doses of
scopolamine or prochlorperazine had no effect on the recall
ol a previously acquired CTA. In a more detailed study.
Rabin and Hunt [99] looked at the effect of antiemetic treat-
ment on both the acquisition and recall of taste avcrsions
produced by injection of LiCl or by exposure to ionizing
radiation. Treatment with the previously reported elfective
doses of trimethobenzamide. prochlorperazine or cyclizine
23] did not attenuate the acquisition of either a radiation- or
LiCl-induced CTA. Because radiation expostre can produce
a CTA when administered up to 6 hr prior to ingestion of the
CS (2] and because the maximal effects of irradiation on
CTA learning are observed 90 min after exposure [19], addi-
tional groups of rats were included in this study that were
given one injection of prochlorperazine 15 min prior to ir-
radiation or to injection of LiCl and a second antiemetic
treatment 3 hr later. This extended antiemetic treatment.
which would be expected to overlap the period of radiation
effects. also had no effect on the acquisition of a CTA. As
would be expected, given the lack of effect of antiemetic
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treatment on CTA acquisition, there were also no effects on
the recall of a previously acquired radiation- or LiCl-induced
CTA. In this part of the experiment the procedures used
were similar to those of Coil ¢t af. [23], which would suggest
that any possible effect of antiemetic treatment on CTA
learning is marginal at best. Consistent with this interpreta-
tion is the observation that, in humans, nausea is not a nec-
essary symptom in subjects that acquire a CTA [5]. There-
fore, the data do not provide compelling evidence that a
UCS-induced illness is a direct antecedent condition to CTA
learning,

The failure to find a consistent effect of antiemetic treat-
ment on CTA learning produced by a toxic UCS raises some
questions about the role of a UCS-produced illness as an
antecedent condition to the acquisition of a radiation-
induced CTA. Possibly the toxicity of the UCS is a side-
effect of the treatment that is not required for the acquisition
of the CTA. Some additional evidence is concordant with
this possibility. Several studies have provided evidence
which indicates that pairing a novel CS with the illness
produced by various poisons is not, by itself, sufficient to
produce a CTA [66,92]. Similarly, both radiation- and LiCl-
induced taste aversions can be acquired by rats that are ex-
posed to the UCS while under deep surgical anesthesia and
maintained under the anesthesia for an additional 4-8 hr
[100.116]. Under these conditions. it is difficult to under-
stand how the experience of a possible UCS-induced illness
could contribute to the acquisition of the CTA.

Role of the Gastrointestinal System

Even though the data on radiation presented above
suggest the possibility of a subtle effect on nervous system
function following exposure to low doses of ionizing radia-
tion, these radiation-induced changes in nervous system ac-
tivity do not seem to be critical for the occurrence of CTA
learning [61]. Garcia and Kimeldorf [40] reported that radia-
tion exposure restricted to the abdomen of rats could serve
as the UCS for CTA learning. Although a higher dose of
abdomen-only radiation is needed to produce an aversion
equivalent to that produced by whole-body exposure, ir-
radiation restricted to the abdomen is much more effective in
producing a CTA than is irradiation restricted to the head,
pelvis. or thorax alone. These basic results have been rep-
licated in a number of investigations that. despite utilizing a
variety of procedures, all show that body-only radiation ex-
posure will produce a stronger aversion and at a lower dose
than will head-only irradiations [106,126]. Since exposure of
pelvis or thorax would be expected to affect the spinal cord
and peripheral ncrves to a similar extent as irradiation of the
abdomen, the greater cffectiveness of exposure of the abdo-
men in producing a CTA would be consistent with the hy-
pothesis that some eflect of the radiation related to the gas-
trointestinal system may be involved in mediating the acqui-
sition of the radiation-induced CTA.

There are two possible mechanisms by which exposure of
the abdomen can lead to taste CTA learning. First, the radi-
ation may have a direct effect on the activity of the gastroin-
testinal system. Second, it may act as a nonspecific toxin
causing the release of some humoral factor related to a gen-
cralized irritation of the gastrointestinal system. In support
of the first possibility. Hulse and Mizon [58] have reported
that cxposing the abdomen of rats to ionizing radiation at
doses of 20-100 rad produces a delay in gastric emptying
which is correlated with the strength of an aversion to a
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barium meal. Exposing the head and shoulders of rats to
radiation doses of up to 200 rad does not have an effect on
gastric emptying and produces only a weak aversion, at best,
to the barium meal. However, while treating rats with insulin
reverses the radiation-induced delay in gastric emptying [59],
it does not disrupt the acquisition of a radiation-induced
CTA [16].

A second approach to evaluating a possible role for direct
gastrointestinal effects in CTA learning has involved section-
ing the vagus nerve. The vagus constitutes the most exten-
sive afferent source from the gut to the central nervous sys-
tem [88] and has been implicated in the regulation of a wide
range of visceral homeostatic functions [79. 80, 137]. If dis-
ruption of gastric function is the UCS for the acquisition of a
radiation-induced CTA and this information is relayed to the
brain by neural pathways from the stomach. then sectioning
the vagus might he expected to produce some changes in the
acquisition of the CTA [22.80]. However, Rabin, Hunt and
Lee [105] found that subdiaphragmatic vagotomy in rats did
not disrupt the acquisition of a CTA following exposure to
either 200 rad whole-body or body-only irradiation. The re-
sults obtained with taste aversions produced by exposure to
ionizing radiation generally parallel those obtained with
drugs. In general. vagotomy has no effect on the acquisition
of taste aversions induced by systemic toxins such as
apomorphine. LiCl or ethanol [68. 69, 80, 105]. While these
studies do not eliminate the possibility that the relevant in-
formation for CTA learning may be carried from the gut to
the central nervous system by alternate pathways (e.g..
splanchnic). it does not seem likely that a radiation-induced
change in gastric function mediated by the vagus nerve,
which provides the most extensive afferent source, serves as
the proximate UCS for CTA learning following exposure to
radiation.

In contrast. the cmetic response to gastric irritation
produced by intragastrically administered copper sulfate is
greatly attenuated by vagotomy [137]. Concordant with this
finding is the report that subdiaphragmatic vagotomy in rats
disrupts CTA acquisition following intragastric and intraperi-
toneal copper sulfate, but not following intravenous adminis-
tration [24]. While this finding would suggest that vagally-
mediated changes in gastrointestinal function can play a role
in CTA learning. Rabin ¢f «l. [105.109] have been unable to
replicate this finding. Although more work is needed to re-
solve this discrepancy. the evidence suggesting a direct gas-
trointestinal involvement in CTA learning is not compelling.

Role of Humoral and Neural Mechanisms

In contrast to the above. there is good support for the
hypothesis that exposure to ionizing radiation causes the re-
lease of a humoral factor, which in turn serves to mediate the
acquisition of a CTA. Using a standard CTA paradigm. Hunt
et al. [62] exposed one member of a parabiotic pair of rats to
360 rad of ionizing radiation while the other member of the
pair was shielded. When tested for a saccharin preference.
the shielded member of the pair showed a significant aver-
sion to the saccharin solution. Since the parabiotic pair share
a common blood supply. the inference is that some blood
transferable humoral factor is produced in the irradiated
member that can act as a UCS for the shielded member.
There appears to be a dose/response relationship between
the dose of radiation and the release of the humoral factor
because the strength of the aversion produced in the shielded
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member of the parabiotic pair varies as a function of the dose
to which the unshielded member is exposed [63].

Additional support for the hypothesis that a radiation-
released humoral factor which serves to mediate CTA learn-
ing following exposure to ionizing radiation comes from the
observation that a CTA can be produced in rats by injecting
them with serum from rats that have been previously ex-
posed to radiation [43]. However, caution must be used in
interpreting the results of this experiment because the donor
rats were subjected to extreme doses of radiation (30000 rad)
and because the recipient rats were given injections of 12 ml
of serum in 3 injections separated by 15 min each on 4 sepa-
rate experimental days. This procedure is so different from
the standard procedures for producing a CTA that the degree
to which we can generalize from these results to the more
typical experiment is not certain.

Another line of evidence that is consistent with the hy-
pothesis of humoral mediation of the radiation-induced CTA
comes from studies of the effect of area postrema lesions on
CTA learning. The area postrema is the chemoreceptive trig-
ger zone for emesis which functions to monitor the blood and
cerebrospinal fluid for toxins [9]. Lesions of the area
postrema disrupt the emetic response to a variety of blood-
borne toxins [9] as well as to intraventricular histamine [6].
Similarly, lesions of the area postrema disrupt the emetic
response to ionizing radiation in monkeys [12] and in dogs
[20]. suggesting that a humoral factor mediates the emetic
response to irradiation. This conclusion is limited by the
observation that area postrema lesions have been reported to
have no effect on emesis produced by whole body irradiation
in the cat [8]. However, more recent work indicates that area
postrema lesions are effective in disrupting emesis in cats
exposed to body-only radiation (Rabin. Hunt. Chedester and
Lee. in preparation).

As with blood-borne emetic stimuli, lesions of the area
postrema disrupt  CTA acquisition to systemically-
administered drugs. Area postrema lesions have been shown
to attenuate CTA learning following intraperitoneal injections
of methylscopolamine [4]. LiCl [103.114] and histamine
[103]. as well as following an intravenous injection of copper
sulfate [22]. The area postrema thus seems to mediate CTA
learning for a particular class of unconditioned stimuli that
are apparently related in some manner to emesis because the
area postrema lesions do not disrupt the CTA produced by
injections of amphetamine [4.114]. A similar distinction be-
tween LiCl and amphctamine as representing different
classes of unconditioned stimuli for CTA learning has been
made by Parker [95] based upon the observation of different
nonconsummatory behavioral responses produced by treat-
ment with these stimuli.

It therefore seems that there are two classes of UCS for
CTA learning: one mediated by the area postrema and the
other which does not depend upon the integrity of the area
postrema. The CTA produced by exposure to ionizing radia-
tion. for the most part. falls within the class of UCS that is
mediated by the area postrema. Lesions of the area postrema
produce an equivalent attenuation of taste aversions
produced by exposure to gamma radiation and by injection
of LiCl and histamine [93.101]. Also consistent with this hy-
pothesis is the observation that lesions of the area postrema
after the initial pairing of a novel sucrose solution with either
radiation or LiCl on the conditioning day has no effect on the
subsequent recall of the CTA [107]. This observation further
confirms the function of the area postrema as a transfer point
by which information about potential toxins in the blood and
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cerebrospinal fluid is transmitted into the central nervous
system, ’

As indicated above, a comparison of aversions produced
by partial-body exposures indicates that irradiation of the
body-only is more effective in producing a CTA than is ir-
radiation of the head-only [40. 126]. This finding raises the
possibility that taste aversions produced by head- and
body-only exposures may involve different mechanisms.
This possibility was evaluated in an experiment comparing
the effects of area postrema lesions on the acquisition of a
CTA produced by head- or body-only exposure [106]. Lc-
sions of the area postrema of rats exposed to body-only
radiation produced a complete disruption of CTA learning.
In contrast. area postrema lesions in rats exposed to head-
only radiation. while producing a significant attenuation of
the CTA. did not prevent the occurrence of a significant
reduction in test day sucrose preference compared to condi-
tioning day preference. These results indicate that the ac-
quisition of a CTA following partial-body exposures is
mediated by the area postrema and also involves additional
mechanisms not dependent upon the integrity of the arca
postrema. A direct effect of radiation on the brain mediating
the acquisition of a CTA would be consistent with studies
indicating changes in electrocortical activity [24, 86. 87]. in
seizure thresholds [88.97]. and in sodium channel function
[140] at radiation doses of less than 300 rad.

Role of Central Newrotransmitiers

So far. there is little indication what brain mechanisms
may mediate radiation-induced CTA learning in the absence
of the area postrema. One possible approach to detcrmining
potential mechanisms would be to examine the effects of
irradiation on central neurotransmitters. For example. neu-
rochemical studies have. in fact. indicated that cxposing an
organism to ionizing radiation can affect biogenic amines in
the brain [65].

A number of ncurohehavioral studies have bcen under-
taken in an attempt to determine thc mechanisms of CTA
learning produced by a variety of unconditioned stimuli.
Most of these studies use lesions of various areas of the brain
and drugs that modify the actions of neurotransmitters. The
relationship of these studies to the mechanisms of radiation-
induced taste avcrsions is not clear. since they generally
have involved unconditioned sumuli other than radiation.
However. based on the discussions in previous sections of
this review. it may be possible to infer potential mechanisms
of radiation-induced taste aversions through the actions of
unconditioned stimuli that seem to act in a manner similar to
radiation. One way to group these stimuli is by the ability of
lesions of the area postrema 1o block specific aversions,
Since hoth radiation- and LiCl-induced aversions arc pre-
vented by area postrema lesions, actions of lithium relative
to the development of a CTA might have some bearing on
how radiation induces a CTA.

The manipulation of the actions of neurotransmitters has
been a major means by which possible mechanisms underly-
ing CTA learning have been examined. These manipulations
have been accomplished either by administering drugs that
either facilitate or suppress the activity of a given transmitter
or by applying sclective lesions to areas of the brain that
send afferents containing that transmitter or contain the syn-
patic endings. Most of the research. though limited. has fo-
cused on the biogenic amines that include the catechola-
mines. dopamine and norepinephrine. and the indoleamine.
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serotonin. A few studies have appeared examining choliner-
gic mechanisms.

One difficulty inherent in this approach. however. is the
possible confounding of the processes that lead 1o the initia-
tion of the behavior with those that Icad to the association of
the CS with the UCS or to the expression of the behavior.
Since the acquisition of a response can only be demonstrated
through its subsequent performance, the failure of an or-
ganism to show a CTA following neurochemical manipula-
tion of the brain may reflect a deficit in either process. Sifice
the present concern is with the mechanisms responsiblc for
the imitiation of the CTA response, care must be taken to
separate out these various processes that lead to the per-
formance of a learned response. Ideally. the experiment
should be designed to show that a given manipulation dis-
rupts CTA learning to a class of unconditioned stimuli
presumed to have a similar mechanism of action while hav-
ing no effect on the acquisition of a CTA induced by stimuli
presumed to have a different mechanism of action.

This approach has been utilized in the comparison of LiCl
and amphetamine as unconditioned stimuli for taste aversion
learning. Lesions of the areca postrema disrupt the acquisi-
tion of a CTA produced by injection of LiCl and
methylscopolamine, but have no effect on an aversion
produced by amphetamine [4.114]. Conversely. manipula-
tion of catccholaminergic systems. either by injection of
6-hydroxydopamine [115.135] or by lesions of the dorsolat-
cral tegmentum [139] attenuatc a CTA produced hy injection
of amphetamine. but have no effect on the acquisition of a
CTA following injection of LiCl. Because these experiments
show that the effects of manipulation of catecholaminergic
systems on CTA learning arc restricted to a single class of
unconditioned stimuli. it would suggest that the effects of
manipulation of these systems arc on the mechanisms re-
sponsible for the initiation of the response and not on the
processes responsible for the association or performance of
the response.

One transmitter whose activity correlates with the devel-
opment of an LiCl-induced CTA is scrotonin. Various ma-
nipulations that alter serotonergic activity can modify the
magnitude of the CTA. Lesions of the median raphe nucleus.
but not the dorsal raphe nuclcus prior to conditioning
enhance the LiCl-induccd CTA [76]. On the other hand. pre-
treatment of either raphe-lesioned or unlesioned animals are
pretreated before conditioning with S-hydroxytryptophan,
the precursor of serotonin. or with inhibitors of serotonin
uptake results in the acquisition of an attenuated CTA
[77.78]. Since medial raphe lesions deplete serotonin in lim-
bic structures such as the hippocampus and septum. the re-
sults of these studies are interpreted as indicating that the
role of serotonin may be to modulate the perceived intensity
of the toxic stimulus.

In general. there is little evidence tor a role of catechola-
mines in radiation- or LiCl-induced CTA learning. Blockade
of catecholamine synthesis or dopaminergic receptors does
not alter the subsequent development of a CTA [99.122].
Also. as indicated abovc, deplction of forebrain norepineph-
rinc with the neurotoxin 6-hydroxydopaming or electrolytic
lesions of the dorsolateral tegmentum are ineffective [81,
139]. On the other hand, infusions of beta-adrenergic
agonists and antagonists into the ventricular system of the
brain have been reported to modify the development of
LiCl-induced taste aversions. The agonist enhances the CTA
and thc antagonist reduces it [72]. Because similar infusions
into the lateral hypothalamus can alter the aversiveness of
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certain tastes, these treatments may be related to the mag-
nitude of an animal’s response to taste. Also. because lesions
of the amygdala produce a nonseleetive disruption of CTA
learning produced by X-irradiation {32] as well as to hoth
LiCl and amphetamine injection [54], and because the deple-
tion of norepinephrine produced by injection of
6-hydroxydopamine into the basolateral amygdala also dis-
rupts CTA learning [11]. it may be that catecholamines are
more related to the assoeiation of the CTA response toa CS
than to the nature of the UCS.

Results from experiments studying the effect of drugs that
block acetylcholine receptors have depended upon the doses
used. With low doses of atropine (0.6 mg/kg. SC) or
seopolamine (0.05-1.0 mg/kg. SC). the development of a
radiation- or LiCl-induced CTA 1s not altered [37.125]. After
higher doses of atropine (15 mg/kg. SC or 100 mg/kg. 1P),
radiation- and LiCl-induced taste aversions are attenuated
[29.52]. However, interpretation of these results is further
complicated by the observation that treatment with atropine
sulfate (25 mg/kg. 1P) itself produces a CTA [98].

Although its relevance to radiation-induced CTA learning
has yet to be directly established. endogenous opioids have
been implicated as mediating some of the behavioral changes
observed following exposure to ionizing radiation [83.84].
Mickley [83] has reported that treatment with naloxone pre-
vents the occurrence of a radiation-induced stereotypic
hyperactivity in C57BL/6J miee that is similar to the hehav-
ioral response of these mice to treatment with morphine.
Also. morphine-tolerant rats show a smaller radiation-
induced performance decrement than do non-tolerant rats
[84]. Similar results have been reported by Tesky and
Kavaliers [132] who observed a radiation-induced analgesia
in CF-1 mice which could he reversed by treatment with
naloxone. Because treatment with morphine produces a
CTA that can be attenuated by treatment with naloxone
[74.134]. it may be that endogenous opioids play a role in the
acquisition of a radiation-induced CTA. However. Rabin and
Hunt (unpublished manuscript) found that pretreating rats
with a single injection of naloxone did not attenuate the ac-
quisition of a radiation-induced CTA.

From this discussion, there is no clear role for the major
transmitters in initiating a CTA induced by radiation- or
drug-released toxins acting through the area postrema. The
elfects observed after transmitter manipulation appear to he
related more to the expression of the CTA.

CONCLUSIONS

Overall, the rescarch reviewed in this report would be
consistent with the hypothesis that there are at least two
classes of unconditioned stimuli that can lead to the acquisi-
tionofa CTA. The first elass eonsists of those unconditioned
stimuli, such as amphetamine, that do not require the media-
tion of the arca postrema for CTA learning. In the second
class, there are those stimuli, such as LiCl. which require the
mediation of the area postrema for the aequisition of a CTA.
For the most part. radiation, as a UCS for CTA learning,
seems to belong to the second class of stimuli.

The area postrema is one of a group of circumventricular
organs that is characterized hy a relatively weak blood/brain
harrier {28]. As such. it may be assumed that the role of the
area postrema in CTA learning 1s to transler to the central
nervous system information about the presence of toxins in
blood and cerebrospinal fluid when those toxins cannot cross
the blood/brain barrier [107]. This hypothesis would be con-
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sistent with the observation that lestons of the area postrema
disrupt CTA lecarning following injection of
methylscopolamine. which cannot cross the blood/brain
barrier, but have no effect on CTA learning when the UCS 1s
a drug such as amphctamine, which can cross the barrier
[4.114]. However, this hypothesis does not account for the
disruption of an LiCl-induced CTA by area postrema lesions
beeause LiCl does cross the hlood/brain barrier [25]). There-
fore. other lactors. in addition to the ability of a substance to
cross the blood/brain barrier, might determine whether or
not the arca postrema plays a necessary role in the acquisi-
tion of a CTA. It may he that the central effects of LiCl.
unlike those of amphetamine, are not relevant for the acqui-
sition of a CTA.

While the data indicate that activation of the area
postrema is not a necessary condition for CTA learning.
there are some very limited data which suggests that it might
be a sufficient condition. In the cat, but not in the rat. the
cardiovascular effects of angiotensin Il are mediated by the
area postrema [121]. In agreement with these findings 1s the
observation that injection of angiotensin Il produces changes
in the activity of single units in the area postrema of the cat
[10]. but has no such effects in the rat [13]. Concordant with
the electrophysiological data on the area postrema is the
observation by Rabin ¢t «l. [111] that injection of angiotensin
11 will produce a CTA in cats, hut not in rats. To more fully
evaluate this possibility that activation of the area postrema
may constitute a sufficient condition for CTA learning. how-
ever, would require additional electrophysiological studies
monitoring the response of area postrema neurons 1o toxins
that do not cause a CTA.

One other question concerns the specific nature of the
UCS. The data reviewed in previous sections do not provide
clear evidence as to whether the potential toxicity of a cer-
tain class of unconditioned stimuli, such as ionizing radiation
and LiCl. is the proximal antecedent condition for CTA
learning. Because a CTA can be produced by nontoxic
stimuli that organisms will self-administer, a UCS-produced
illness cannot be considered a necessary condition for CTA
learning. Even where a toxic UCS is utilized, the data do not
provide unequivocal support for the common assumption
that a stimulus-induced illness is a sufficient condition for
CTA learning. This is true not only for a UCS such as LiCl,
which produces overt signs of distress, but even more so for
exposure to ionizing radiation. whieh produces no overt
changes in unrestrained behavior. It may be that radiation is
able to produce a CTA because it activates the neural cir-
cuits associated with illness even in the absence of the expe-
rience of the illness by the awake organism [100]. Alterna-
tively. it may be. as suggested by Gamzu [38], that the basis
Tor taste aversion learning lies in the novelty of the
trcatment-induced state: that any treatment will produce a
CTA as long as it produces a novcl, diseriminable state
within the organism. In this view. ionizing radiation is able to
lead 1o CTA learning because irradiation produces a discri-
minable change in nervous system activity. The potentially
toxic character of the radiation UCS, or any other UCS such
as LiCl, is not directly relevant to the CTA learning as long
as that UCS is capable of producing a discriminably different
state. As such. the UCS-produced illness may not be the
direct antecedent cause of the CTA, but may rather simply
be an unavoidahle side-effect of the treatment that produces
such a novel state.

The final question concerns the nature of the interaction
between the UCS and the area postrema. When a CTA is
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acquired following treatment with a systemic toxin, such as
LiCl, which involves the mediation of the area postrema, an
implicit assumption is that the toxin excrts direct cffects on
neuronal activity of the area postrema leading to CTA learn-
ing. This assumption, however, might not be correct. Smith
[123] reported that injection of LiCl directly into the fourth
ventricle, unlike systemically administered LiCl. did not
produce a CTA. The implication of this finding is that CTA
learning following systemic (intraperitoneal or intragastric)
treatment with LiCl does not result from a direct action of
lithium on area postrema neurons, but rather that systemic
treatment with LiCl causes the release of an endogcnous
mediator to which the area postrema is sensitive. Thus, the
LiCl-induced CTA, like the radiation-induced CTA, may de-
pend upon a treatment-released humoral factor which serves
as the proximate UCS for CTA learning. It is interesting to
speculate that, because manipulations which affect LiCl-
induced CTA learning also affect the radiation-induced CTA,
the same endogenous humoral factor mediatcs CTA learning
following treatment with either UCS: or, indeed. any UCS
that requires the mediation of th¢ arca postrema.
Electrophysiological studics have shown that thc area
postrema is sensitive to a variety of endogenous pcptides.
Working with dogs. Carpcnter and his coworkers [17.18]
have reported that iontophoretic application of a variety of
peptides causes changes in the activity of arca postrema
neurons and that systemic treatment with these samc pep-
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tides causes emcsis. In rats. treatment with the gastrointesti-
nal hormone cholecystokinin may produce a CTA ([27.33].
but sec [48] for contrary data) that is mediated by the area
postrema [133]. A CTA has also been reported to result from
repeated systemic injection of arginine vasopressin [34].
Whether any of these peptides can, in fact, serve as the
factor which is the proximal UCS for CTA learning following
exposure to ionizing radiation or following systcmic treat-
ment with LiCl remains to be established.

It is. howevcr, clear that the CTA, as a CR to a CS asso-
ciated with toxic consequences to the organism, has definite
implications for the survival of the organism. Given the widc
rangc of unconditioned stimuli which can elicit a CTA. it is
unlikely that the area postrema would have cvolved specific
receptors for each potential toxin. Rather, it is more likely
that a class of toxic stimuli produce a scrics of similar effects
resulting in the rclcase of an endogenous factor. This factor
may alter the activity of neurons within the area postrema
with the consequent development of a CTA. Radiation is
capable of functioning as a UCS for CTA learning because it
too is capablc of causing the release of this humoral factor.
lonizing radiation is, therefore, just one member of a class of
environmental toxins that induce a CTA through the rclease
of some cndogenous factor affecting the activity of the area
postrema. The validity of this hypothesis and the dcfinition
of a potential endogenous factor remain to be cstablished by
further research,
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